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ABSTRACT OF THE DISSERTATION

Studying binding of small molecules to protein targets using
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The integration of chemical and structural biology with computational tools is
critical in drug discovery and for developing novel therapeutics. This dissertation explores
the binding of small molecules with protein targets, with a focus on protein-ligand
interactions at both structural and functional levels.

In part | of this dissertation, | investigate the structural and functional
consequences of targeting fascin with benzothiazole amphiphiles (BTA), compounds
known to enhance memory and learning in mice and with potential applications in treating
neurodegenerative diseases. Chapter 1 summarizes current research on Alzheimer’s

disease, the identification of fascin as a target for BTA compounds and its role and
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function as an actin bundling protein. In Chapter 2, using knockdown studies in primary
neurons, | show that fascin expression levels and binding of BTA to fascin are crucial for
the phenotypic effect of increased dendritic spine density. In Chapter 3, | use a
combination of in silico tools and site-directed mutagenesis experiments to identify a
novel binding site for BTA compounds and provide a quantitative understanding of their
binding to fascin. In Chapter 4, | provide structural evidence for the binding site of BTA-
EGes to fascin using protein NMR studies. In Chapter 5, | screen other novel BTA analogs
and identify a promising lead compound which demonstrates superior binding affinity and
functional activity compared to BTA-EGe.

In part Il of this dissertation, | develop and identify potential drug candidates for
Inflammatory Bowel Disease (IBD) by selectively targeting the AMPKR1 isoform. Chapter
6 discusses the rationale for developing a new therapeutic strategy for IBD via AMPKp1
activation, by addressing inflammation and helping to restore and maintain gut barrier
integrity. Chapter 7 employs a combination of in silico virtual screening and synthetic
chemistry to design and identify a lead compound with better potency and selectivity
towards AMPK[31.

Together, these projects represent a comprehensive approach to drug discovery
by integrating computational methods, structural biology, and synthetic chemistry to
advance our understanding of protein-ligand interactions and their therapeutic potential.
The findings contribute to the development of targeted therapies for neurodegenerative

diseases and IBD, offering new insights into drug discovery and development.
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Part I: Structural and functional consequences of targeting fascin with BTA

Chapter 1 : Introduction to spinogenic molecules and their effect on
neurodegeneration

1.1 Alzheimer’s Disease

Alzheimer's Disease (AD) is the most prevalent age-related neurodegenerative
disorder and the leading cause of demential. Early symptoms, such as memory and
learning decline, typically precede significant neuronal loss 23, Eventually, individuals with
AD struggle to perform even basic tasks like walking and swallowing. In the later stages,
patients often become bedridden and require intensive care. AD is ultimately fatal, with
individuals often succumbing to complications such as pneumonia and heart failure®. It
currently ranks as the sixth leading cause of death in the United States®.

Age is the primary risk factor for developing AD. Approximately 5.7 million Americans
live with AD, with around 5.5 million of them aged 65 and older!. As life expectancy
increases, the prevalence of AD is expected to rise correspondingly. Projections indicate
that by 2060, the number of AD patients in the U.S. will nearly triple, and the cost of care
will exceed one trillion dollars®. The impacts of AD are extensive, affecting individuals on
a personal level and having broader implications for the government and the economy.

Decades of extensive research have gone into studying AD. One of the most prevalent
theories about the progression of AD is the amyloid cascade hypothesis. This theory
suggests that the abnormally high levels of B-amyloid proteins found in all AD patients
can aggregate to form extracellular plaques in the brain, which can lead to neuronal
dysfunction and death of neurons®. Protein interactions with aggregated forms of B-

amyloid lead to a host of problems that cause havoc on neurons and destroy synapses’®.



Though the amyloid cascade hypothesis does not fully explain all the features of AD, the
recent development of antibody-based therapeutics that can effectively remove amyloid
plaques from the brain have shown modest improvements in cognitive function in some
AD patients.®19 The limited efficacy of these amyloid-targeting antibodies for improving
memory or slowing cognitive decline in AD necessitates the development of alternative
therapeutic strategies!! to treat AD and disorders associated with memory impairment.
Synapse loss and dysfunction are key features of many neurodegenerative diseases
(NDDs) and are thought to be among the earliest indicators of AD progression2312.13,
Consequently, methods that can enhance the formation and preservation of synapses
could provide an effective treatment pathway for AD and other conditions that involve
memory loss. The formation of excitatory synapses between neuronal axonal inputs and
postsynaptic dendritic spines is essential for memory formation and storage!4. Evidence
shows a strong positive correlation between the density of hippocampal dendritic spines

and cognitive abilities such as memory and learning 51,

1.2 Previous studies in the Yang lab - development of BTA compounds

Over the past decade, the Yang lab has been working on developing small
molecules that can target amyloid aggregates. The hallmark feature of AD patients is the
formation of B-amyloid plagues in the brain®. These extracellular plaques interact with
other proteins and microglia that lead to inflammation in the brain’8. The Yang lab has
developed Benzothiazole Aniline (BTA) compounds such as BTA-EG4 and BTA-EGs
(Figure 1.1), which are uncharged oligo (ethylene glycol) derivatives of Thioflavin T, a

traditional dye used to stain B-amyloid.
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Figure 1.1: lllustration of the chemical structures of Thioflavin T, BTA-EG4, and BTA-EGs
with the core and tail regions identified.

BTA-EG4 and BTA-EGs could both bind B-amyloid plaques and prevent other proteins
from interacting with the plaques, thereby reducing inflammation in the brain*8. Since the
B-amyloid induced toxicity may result from interactions between aggregated B-amyloid
peptides and essential cellular proteins, the Yang lab has specifically focused on the
interference of B-amyloid with proteins that regulate reactive oxidative species levels in
cells. The BTA family of compounds have shown significant potential in reducing -
amyloid induced toxicity in cells by interfering with the interaction between aggregated 3-
amyloid and associated proteins such as catalase!®1°.

BTA-EG4 was further studied in a mouse model to assess its impact on cognitive
behavior. Significantly, BTA-EG4 was found to cross the blood-brain barrier in mice®®,
which is crucial for a brain-targeted therapeutic. Treatment with BTA-EG4 improved

memory, learning, and rescued synapse loss in 3xTg AD mice?°. Interestingly, BTA-EGa



also showed beneficial effects in non-pathological conditions, enhancing memory and
learning in wild-type (WT) mice as well?t. WT mice treated with BTA-EG4 demonstrated
better cognitive performance in both the Morris water maze and fear conditioning tests 2.
Furthermore, analysis of neurons from both 3xTg and WT mice treated with BTA-EGa4
revealed an increase in the density of dendritic spines?%2%,

Dendritic spines, which are small mushroom-like actin rich structures on neuron
dendrites, serve as the postsynaptic sites of synaptic connections?223, Most excitatory
synapses in the brain form with a dendritic spine as the postsynaptic site between
neurons?®. These spines are critical for communication, information processing, and
storage in the brain. Consequently, AMPA and NMDA receptors are also found on the
surface of dendritic spines?4. Alterations or decreases in dendritic spine density are
pathologies seen in AD?® and other neurological disorders such as autism spectrum
disorder (ASD) and schizophrenia?®. Given the strong evidence linking dendritic spines to
memory, an effective therapeutic strategy to combat AD and other NDDs could involve
modulating dendritic spine density.

The experiments discussed above were the first to identify the nootropic effects of
BTA-EGa4 in vivo. Since then, the spinogenic properties of BTA-EG4 and its derivatives
have been demonstrated and confirmed in rat primary neurons?’ and human neuronal

induced pluripotent stem cells?,

1.3 Identification of fascin as a target for BTA compounds

To further understand the effects of these BTA molecules, Dr. Kevin Sibucao, a former

PhD student in the Yang lab, investigated the potential protein targets for these
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Figure 1.2: lllustration of the photoaffinity labeling and pulldown process by which Dr.
Sibucao identified Fascinl as a binder of the BTA-EG4 analog probe 1.

compounds. He utilized a photoaffinity labeling approach to identify the cellular binding
partners of BTA-EG4?°. The BTA-EGs-based probe 1 was equipped with a trifluoromethyl
diazirine for crosslinking to nearby proteins upon UV activation. A biotin tag was also
added for subsequent affinity pulldowns (Figure 1.2). Photoaffinity labeling and
competition assays in cell lysates of the human cortex successfully identified a ~55kDa
protein as the target of BTA-EGa. Follow up affinity pull-down experiments using
neutravidin-agarose resin in SH-SY5Y neuroblastoma cells were then conducted to
isolate the ~55kDa protein. Tandem mass spectrometry revealed the most prominent
protein as Fascinl (hereafter referred to as fascin). Subsequent western blot analysis

with a fascin antibody confirmed the presence of fascin. Additionally, pull-down studies



with human cortex and mouse midbrain tissue demonstrated that the results observed in

SH-SY5Y cells were consistent across different tissue types?®.

1.4 Overview of work presented in part | of this dissertation

The intriguing activities exhibited by the BTA class of molecules and the unknown
mechanisms behind BTA-EGas induced spinogenesis motivate the work in this
dissertation. The first part of this dissertation focuses on investigating the structural and
functional consequences of targeting fascin with BTA compounds. In subsequent
chapters, | present findings related to the investigation of the following questions:

1) Is fascin on pathway for the observed phenotypic effects of BTA molecules i.e. the

increase in dendritic spine density seen upon treatment with BTA compounds?

2) Can we characterize and gain structural insights into the fascin-BTA interaction

and develop a better quantitative understanding of their interaction.

3) Can we improve the effectiveness of BTA-EGass by screening other BTA analogs.

Investigating these aims will help advance our understanding of novel therapeutic
compounds that may be leveraged as is or modified to enhance their properties to fight

the battle with cognitive loss seen in AD and other forms of dementia.



Chapter 2 : Changes in fascin expression affect dendritic spine density

2.1 Do BTA molecules induce the increase in spine density by binding to fascin?

The key question being investigated in this chapter is the involvement of fascin in
the pathway leading to the observed increase in dendritic spine density in primary
neurons when treated with BTA-EG4 or BTA-EGs. Dr. Sibucao previously demonstrated
that his photoreactive analog of BTA-EG4 binds to fascin, and this binding can be
outcompeted by the addition of BTA-EG42°. However, binding to a protein target does not
necessarily imply a direct link to the observed cellular response. The experiments detailed
in this chapter measure changes in dendritic spine density of primary neurons resulting
from modulated fascin expression. These experiments are designed to test our

hypothesis that fascin plays a key role in dendritic spine dynamics.

2.2 Fascin is primarily an actin bundling protein

Fascin refers to a class of proteins that binds and bundles filamentous actin°.
Robert Kane first discovered fascin in the 1970s while isolating filamentous actin (F-actin)
from sea urchin egg extracts3!. The 58kDa protein was ultimately named “fascin” due to
its ability to bundle F-actin into filopodial cores and cross-link actin filaments into
fascicles®? (Figure 2.1). In mammals, there are three isoforms of fascin, labeled 1, 2, and
3. Fascin 1 is found in many tissue types in varying quantities in young mammals, with
high abundance in the brain and low quantities in the small intestine and spleen in healthy
adults®3. Fascin 2 and 3 are restricted to specific tissues; fascin 2 is expressed in the

retina, while fascin 3 is expressed in the testes3.



Figure 2.1: lllustration of globular actin being polymerized into actin filaments followed by
bundling together by fascin.

Fascin is a globular, monomeric protein that binds actin in a 1:4 stoichiometry3®,
Extensive research has resulted in multiple crystal structures of fascin over the past two
decades®3’. The crystal structure of fascin revealed a novel arrangement of four tandem
B-trefoil domains, grouped into two pairs that act semi-independently (Figure 2.2). Fascin
has a regulatory site at Ser39, which upon phosphorylation by Protein Kinase C (PKC)
significantly diminishes fascin’s ability to bind and bundle actin®¢(Figure 2.2). This
phosphorylation site contains several proximal lysine residues critical for actin
binding36-38,

Fascin is present in traditional filopodia and invadopodia, that protrude from the
leading edge of the cell to explore the immediate environment surrounding the cell34°,
Filopodia are thin cell membrane projections which contain parallel fascin-bundled actin
and have a distinctive composition as compared to dendritic flopodia which contains
branched actin. Filopodia are essential for cellular functions such as migration and
adhesion. The regulation, polymerization, and cross-linking of actin filaments are
necessary for filopodia development. Fascin’s actin bundling activity is crucial for

providing the cross linked actin bundles necessary for filopodia structural support3%41-43,
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Figure 2.2: (A) A representation of a B-trefoil. The top view exhibits a barrel-like
structure formed by the B-sheets. (B) Crystal structure of fascin (PDB ID:1DFC?’) with
the regulatory site S39.



Fascin has long been used as a prognostic biomarker for cancer, with high fascin
expression in cancerous tissue often correlating with poor survival prognosis*+#8. This
correlation is frequently attributed to fascin's role in the creation and maintenance of
traditional filopodia and invadopodia, which assist cancer cells in migration and
metastasis*®*1. These cellular structures are thin, finger-like extensions that probe the
cell's environment and are often involved in cell migration®2. However, some studies have
shown that fascin expression positively correlates with migration and invasion in a
filopodia-independent manner, suggesting other mechanisms outside its role as an actin-
bundling protein*®:53-57,

Despite the extensive study of fascin in the context of cancer, it also has several
other known functions. Fascin stabilizes focal adhesions®®, which are sites where the cell
anchors itself to the extracellular matrix through stress fibers. Fascin plays two roles at
focal adhesion sites: 1) it prevents the severing of stress fiber filaments by cofilin®® , and
2) it maintains the size of stress fibers®8. Knockdown of fascin in fibroblasts causes a
global change in cytoskeletal structure, significantly thickening stress fibers as compared
to normal fibroblasts®. Additionally, fascin is implicated in various other cellular
processes, including retrograde transport®®, formation of extracellular vesicles®, and it

also acts as a transcription factor when transported to the nucleus®?.

2.3 Fascin in neurons and dendritic spines

In neurons, fascin is abundantly found in growth cones®2. Neuronal growth cones

are motile structures located at the elongating tips of nerve axons. These structures guide

10



the axon to its target and are critical for the development of the nervous system as they
can sense chemotropic cues®%63,

Fascin is involved in developing filopodia, which are essential for growth cone
motility®®. Since filopodia and dendritic spines are both cell protrusions, it would be
expected that fascin is involved in dendritic spines as well. Surprisingly, however, while
filopodia are fascin-positive, dendritic spines were reported to be fascin-negative.
Korobova and Svitkina reported in 2009 that fascin was not present in dendritic filopodia
of young neurons at 10 days in vitro (DIV)®. Dendritic filopodia are thin, finger-like
protrusions extending from a dendrite that can mature into mushroom-shaped dendritic
spines?3%°, Given the absence of fascin in dendritic filopodia of 10 DIV neurons and the
predominance of branched actin in these structures®®67, fascin was presumed to not play
a role in the formation, creation, and maintenance of dendritic spines. Consequently,
fascin has largely been overlooked in studies of the cytoskeletal dynamics of dendritic
spines. However, if BTA-EG4 and BTA-EGe indeed bind to fascin and subsequently affect
dendritic spine density, it suggests a previously unrecognized role of fascin in modulating
dendritic spines.

Immunofluorescent images of mature rat neurons acquired by a former PhD
student in the Yang lab, Dr. Kyle Berg, shows that fascin is present throughout fully
mature neurons at 21 DIV, including localization to numerous areas consistent with
dendritic spines®® (Figure 2.3). This indicates that fascin might play a significant role in

the structural dynamics of dendritic spines in mature neurons.
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Figure 2.3: Immunofluorescent image of a mature primary rat neuron expressing a filler
green fluorescent protein (GFP) stained for a microtubule associated protein used to
identify dendrites (MAP2) and stained for fascin (Figure reproduced from Dr. Kyle Berg’s
dissertation®8),

2.4 ldentification of a method for fascin knockdown in primary rat neurons

To study if fascin is on pathway or is responsible in any way for the increased spine
density seen in neurons treated with BTA compounds, | first established a method to
knockdown fascin expression in primary neurons.

The method | used in this study involves using a short hairpin RNA (shRNA) to
knockdown protein expression in cells. shRNAs reduce target protein levels by utilizing

native cellular machinery to cut the messenger RNA (mRNA) of a particular protein
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sequence. Further by providing an appropriate double stranded RNA that has a
complementary sequence to the target mMRNA, the RNA induced silencing complex of the
cell can be guided to degrade the mRNA of fascin® 7%, shRNAs can be delivered via
lipofectamine to the nucleus, where they interact with the host DNA and are eventually
expressed, producing a shRNA that is processed by the cell. The effects seen with ShRNA
system are longer lasting due to the constant expression of the shRNA when paired with
a strong promoter such as the cytomegalovirus (CMV) promoter®. These long-lasting
effects are particularly useful when dealing with primary neurons, which generally are
studied over a course of 1-3 weeks in vitro.

Since our collaborators in the Patrick lab at UCSD provide rat neurons for the
experiments discussed here, the knockdown and scramble control vectors were designed
and made to be compatible with rat cells. The vector design contained Adeno-associated
virus (AAV) as a backbone and also included the expression of a green fluorescent protein
(GFP) under the CMV at a separate location of the plasmid as a reporter for positive
transfection or transduction. The successful knockdown and scramble control vectors

were designed using Vector builder inc.

2.5 Knockdown of fascin expression in PC12 cells

After establishing a mechanism for knockdown, | tested its efficacy in cells. The
knockdown vector was first evaluated in PC12 cells, a rodent neuroblastoma cell line that
exhibits many neuronal features such as neurite outgrowth and neurotransmitter
secretion’*-74, It was not advisable to test primary neurons initially, as rats must be

sacrificed to obtain primary neurons. Moreover, testing in PC12 cells had its advantages
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as they divide and grow quickly and can be passaged very easily. PC12 cells were
infected with packaged viral particles with different multiplicity of infection (MOI) (or virus
to cell ratio), and | found that a MOI of 10 or higher resulted in a high transduction
efficiency of approximately 90-95%, as estimated visually by comparing the number of

cells expressing the GFP reporter gene to the total number of cells in brightfield (Figure
2.4A). Due to the high transduction efficiency, it was unnecessary to select for infected
cells. Next, | assessed fascin expression using a quantitative western blot normalized to
a GAPDH control. PC12 cells transduced with the virus at an MOI of 10 showed an
average reduction of approximately 65% in fascin expression compared to cells

transduced with the scramble control virus (Figure 2.4B and 2.4C).
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Figure 2.4: Verification of fascin knockdown in PC12 cells. A) Overall lentiviral infection
levels of ShRNA1 and scramble control verified by a GFP reporter gene. B) Quantitative
western blot of fascin levels compared to a GAPDH Control. C) Graphical analysis of the
fascin intensities relative to the GAPDH Control. Statistical analysis carried out by student
t-test (**p-value < 0.01).
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2.6 Spine density analysis of primary neurons when fascin is knocked down

This work was done in collaboration with Dr. Lara Dozier from the Patrick lab.
Cultured rat hippocampal neurons were transduced with AAV plasmids (with shRNA or
scramble) at 7 DIV, then fixed and immunostained for fascin, GFP and MAP2 on 18 DIV.
Images were taken with the same laser intensity and the analysis was blinded i.e., all the
images were taken by Lara in the Patrick lab while | analyzed the images, unaware as to
which images were treatment or control. Not until after the analysis was complete was
the identity of each sample treatment revealed.

Neurons were analyzed through image analysis’’® (Figure 2.5A). Secondary
dendritic shafts were selected using the straighten macro’’, then cropped to 30 um
segments. Dendritic spines along the dendritic shaft were measured manually and
counted using a spine counting macro developed in the Patrick Lab, which records the
length, width, and number of spines. In terms of spine morphology, we found a small but
significant increase in the width of spines in cells with fascin knockdown compared to
scramble control cells (Figure 2.5B). However, no significant difference in spine length
was observed in cells with fascin knockdown compared to scramble control cells (Figure
2.5B). This result corroborated previous results in the Yang lab which showed BTA
compounds do not significantly affect spine morphology. We found that fascin knockdown
resulted in a significant decrease in spine density compared to cells with endogenous
fascin expression levels (Figure 2.5C). This result was in contrast when primary
hippocampal neurons were treated with BTA-EG4 or BTA-EGs, which led to significant
increases in dendritic spine density (Figure 2.5C and 2.5D). We then further probed

whether BTA compounds could recover the reduction in spine density seen with fascin
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knockdown and found that BTA compounds were unable to increase spine density when
fascin is knocked down (Figure 2.5C and 2.5D). This strongly suggests that the binding
of BTA compounds to fascin is crucial for the observed increase in dendritic spine density

of neurons exposed to these molecules.
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Figure 2.5: Analysis of spine density and morphology measurements upon treatment with
plasmids in primary hippocampal neurons. A) Representative 30 um dendritic segments
selected for dendritic spine analysis. B) Spine morphology analysis of primary neurons
after fascin knockdown. C) Spine density measurements in primary neurons upon
treatment with AAV vectors in the presence of vehicle control (0.1% DMSO) and BTA-
EGa4 (5uM). D) Spine density measurements in primary neurons upon treatment with AAV
vectors in the presence of vehicle control (0.1% DMSO) and BTA-EGs (5 pM). Statistical
analysis was performed using two tailed Welch’s t-test (**p<0.1, ***p<0.01, ****p<0.001).
N = 60 dendritic segments per treatment.
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Additional experiments carried out by Dr. Kyle Berg in the Yang lab showed that
treatment of primary neurons with BTA-EG4 or BTA-EGs did not significantly alter fascin
expression levels®. This result suggests that these molecules increase dendritic spine
density by directly impacting the dynamic function of endogenous fascin rather than by

influencing a proteome-level change in expression.

2.7 BTA compounds increase actin bundling activity of fascin

Results discussed in the above sections and previously reported in the Yang lab
show that the treatment of primary neurons with BTA compounds has an opposite effect
on spine density as compared to knockdown of fascin, and these molecules do not alter
expression levels in primary neurons. Based on these observations, | was interested in
exploring how targeting fascin with small molecules could affect spine dynamics without
changing expression levels. We postulated that the small molecules could affect the
interaction of fascin with other cellular proteins that are involved in spine regulation. Since
fascin is primarily a structural protein involved in bundling actin’®, modifying how it binds
to actin may lead to the phenotypic changes that we have seen in neurons in the presence
of BTA compounds.

To assess the effect of BTA compounds on fascin’s ability to bundle actin, |
performed a slow speed actin bundling and sedimentation assay3>7°. In this assay, actin,
which is bundled by fascin, forms a gel-like material that can be pelleted upon

centrifugation’®. Unbundled actin remains in the supernatant (Figure 2.6).
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Figure 2.6: Schematic showing the polymerization of actin in the slow speed
sedimentation assay. Fascin bundles free F-actin in solution. Once the bundles are
formed, the fascin-actin complex can be pelleted by centrifugation.

First, | identified conditions where actin was not the limiting reagent by conducting the
assay with a constant 20 uM concentration of actin while varying the fascin concentration.

| determined that 0.4 uM fascin was the optimal concentration for significant bundling

compared to controls, without saturating the actin in the pellet (Figure 2.7).
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Figure 2.7: Data examining the actin bundling activity of fascin at varying concentrations
of fascin. A) Graphical representation of the actin bundling activity of fascin at 10 uM actin
and varying concentrations of fascin. Statistical analysis done by one-way ANOVA
(*p<0.05, ***p<0.001, ****p<0.0001) N=3 for each experiment. B) Representative gel of
actin bundling by fascin-1 (0-0.9 uM). C) Representative gel of actin bundling by fascin

(0-10 uM).
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Figure 2.8: Examination of the effects of fascin ligands on the bundling of actin filaments.
A) Representative gel of actin in bundles (P) versus unbundled (S). B) Quantification of
the gel in (A) showing the fraction of actin filaments in bundles after various treatments.
Statistical analysis was done by two tailed Welch'’s t-test (*p<0.05, **p<0.01, ***p<0.001)
for N=3 per condition. C) Molecular structure of G2, a known inhibitor of fascin’s bundling
activity.

The experiment was then repeated with 0.4 pM fascin in the presence of BTA-EGa4,
BTA-EGs, and G2 (a known inhibitor of fascin’s actin bundling activity)®>. The results
showed that actin bundling significantly increased when incubated with BTA-EG4 or BTA-
EGs, while actin bundling was eliminated by G2 (Figure 2.8). These results strengthen
the evidence that BTA-EG4 and BTA-EGs enhance the interaction between fascin and

actin, leading to increased actin bundling, while G2 effectively inhibits this process.

2.8 Conclusion

In summary, the experiments described in this chapter show that fascin
knockdown in primary neurons led to a decrease in dendritic spine density and negated
the capability of BTA molecules to promote spine density increases that were seen with
endogenous levels of fascin. This is an important result as fascin has largely been

disregarded in recent years as playing a role in the context of dendritic spine dynamics.

19



We also explored how targeting fascin with small molecules could affect spine density
without altering expression levels. While there are a few previous reports of molecules
that target fascin, all the molecules reported to date inhibit the actin-bundling activity of
fascin®-83, We found that both BTA-EG4 and BTA-EGs can enhance the actin-bundling

activity of fascin.

2.7 Methods
PC12 cell culture

PC12 Cells were maintained in a 37° humidified incubator with 5% CO: in Modified
Eagle’s Medium (Gibco) supplemented with 10% heat inactivated horse serum (Gibco)

and 5% FBS (Gibco).

Quantitative western blot

Quantitative western blots were accomplished by normalizing total protein
concentration using the Pierce BCA assay and following the manufacturer’s protocol.
Identical quantities of total protein were loaded onto a 4-20% SDS-PAGE gel (BioRad)
and run for 35 minutes at 190V. The protein was then transferred to an activated low
fluorescence PVDF membrane (BioRad) using the TransBlot Turbo system (BioRad).
Blots were incubated for 1lhour at RT in 2% Membrane Blocking Agent (Cytivia) in Tris
buffered Saline Solution with 0.1% Tween-20 (v/v) (TBST), followed by overnight
incubation with primary antibody (1:10,000 dilution) in 2% Membrane Blocking Agent at
4°C. The blot was then washed three times for 5 minutes each in TBST at RT. Secondary

antibody (1:5000) was added to 2% Membrane Blocking Agent in TBST and allowed to
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incubate at RT for 1 hour. The membrane was then washed three times for 5 minutes
each in TBST at RT, rinsed in MilliQ water three times and then imaged using the

Amersham 680 RGB (Cytivia).

Neuronal cell culture

Dissociated neurons from Sprague Dawley® one day old (P1) male and female rat pups

were prepared and maintained as previously described®-2,

Knockdown of fascin in primary neurons

Cultured rat hippocampal neurons were transduced at 7 DIV with 1pL of AAV virus,
either Fascin-shRNA-GFP-AAV (Vector builder ID VB230227-1603ujx) or Scramble-
ShRNA-GFP-AAV (Vector builder ID VB230505-1423kns), diluted in 1:20 HBSS. After 11
days, neurons were fixed and immunostained for fascin, GFP, and MAP2. For untreated
samples, cells were fixed at 19 DIV and immunostained with aGFP (Life Technologies
A11122) antibody. For treated cells, 5uL of blinded sample was added to 1mL of

conditioned neuronal media 24 hours prior to fixation.

Knockdown of fascin in PC12 cells

Cells were passaged 24 hours prior to infection and plated to be around 70%
confluent upon infection. AAV packaged viral particles were added at a MOI of 10. Cells
were harvested 3 days after infection using IP lysis buffer (Pierce) and following the
manufacturer’s protocol and supplemented with COmplete EDTA free protease (Roche

#11836170001) inhibitors following the manufacturer's protocol. Lysates were
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normalized to 1 mg/mL total protein and separated via SDS-PAGE and transferred to a
PVDF membrane. Fluorescence intensities of fascin normalized to GAPDH were

analyzed using Image Studio Lite software (LI-COR).

Dendritic spine density and morphology analysis

Neurons were analyzed in a blinded fashion using ImageJ&’ (NIH). The secondary
dendritic shafts were selected using a GFP reporter signal, avoiding any primary dendritic
shafts and straightened using an ImageJ straighten algorithm?’, then cropped to 30um in
length. The spines along the shaft were manually analyzed to count the number of spines,
and to measure the length and width of each spine as previously reported?’. Data was
collected in Microsoft Excel and statistical analyses were performed using GraphPad

Prism.

Immunostaining of primary neurons

Primary neurons were fixed using 4% paraformaldehyde/sucrose solution in
phosphate buffered saline solution with magnesium and calcium (PBS-MC) at RT for 10
minutes. Neurons were then permeabilized with 2% BSA and 0.25% Triton X-100 in PBS-
MC at RT for 20 minutes, then blocked for 6 hours at 4°C in 5% BSA in PBS-MC. Primary
antibodies for anti-fascin (Millipore MAB3582 1:1000), anti-MAP2 (Abcam5392 1:1000 or
1:5000), or anti-GFP (Life Technologies A11122 1:1000) were introduced in 2% BSA in
PBS-MC and incubated overnight at 4°C. Secondary antibodies were added 1:1000 for 1
hour at RT, and 1x Hoechst stain (Sigma B2261) was added for the last 10 minutes.

Neurons were imaged with a Leica DMI6000 inverted microscope with the following
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specifications: A Yokogawa Nikon spinning disk confocal head. Orca ER high resolution
black and white cooled CCD camera (6.45 pum/pixel at 1x). Plan Apochromat 63x/1.4
numerical aperture objective. An argon/krypton air-cooled laser for 405nm/140mW,

100mW/561nm, and 140mW/637nm.

Confocal microscopy imaging

PC12 cells were imaged on an EVOS FL (Life technologies) inverted microscope
using either the Brightfield or GFP filter. Neurons were imaged with a Leica DMI6000
inverted microscope with the following specifications: A Yokogawa Nipkon spinning disk
confocal head. Orca ER high resolution Black and white cooled CCD camera (6.45
um/pixel at 1x). Plan Apochromat 63x/1.4 numerical aperture objective. An argon/krypton

air-cooled laser for 405nm/140mwW21loomW 561/140mW 637nm lasers.

Slow speed actin sedimentation assay

The actin bundling activity of fascin was measured by a slow-speed centrifugation
assay’®. Monomeric rabbit G-actin (Cytoskeleton, Inc) was induced to polymerize at RT
in F-actin buffer (20mM Tris-HCI, pH 8.0, ImM ATP, 1mM DTT, 2mM MgClz, and 100mM
KCI) to a final concentration of 10uM. Recombinant fascin protein was dissolved in
polymerization buffer (2mM Tris, ImM ATP, 1mM DTT, 2mM MgClz, 100mM KCI, pH 8.0)
to a final concentration of 0.2-20 puM. Small molecules such as BTA-EGes or G2 (with 1%
DMSO) (Xcessbio Biosciences) were both dissolved in polymerization buffer to a final
concentration of 20 uM. Equal volumes of fascin solution were subsequently incubated

with F-actin for 60 minutes at RT and centrifuged for 30 minutes at 10,000xg. Both
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supernatant and pellet were dissolved in an equivalent volume of SDS sample buffer
(Novex) and then run on 4-20% SDS-PAGE. The fraction of actin bundled was measured

by quantifying the intensities of actin protein band in pellets compared to total actin.
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Chapter 3 : Investigation of BTA binding site on fascin using in silico tools and
mutagenesis studies

3.1 Introduction

The application of computer-aided methods for predicting ligand-protein
interactions and complexes have become increasingly valuable for drug discovery?®,
Molecular docking has significantly advanced our understanding of the behavior of small
molecules within the binding sites of target proteins. Molecular docking is frequently used
in drug development to model and study biochemical pathways. Generally, the molecular
docking process consists of two main steps: predicting the pose of the ligand and
assessing the binding affinity®®. The pose refers to the conformation, position, and
orientation of the ligand within the binding site. Knowing the binding site beforehand
enhances docking efficiency and guides follow up biochemical assays. The work in this

chapter will focus only on BTA-EGs due to the poor solubility of BTA-EGa.

3.2 Molecular docking

As discussed earlier, the crystal structure of fascin is reported by several groups,
showing that this monomeric protein contains 4 B-trefoil domains, with domains 1,2 and
3,4 related by a 2-fold pseudo symmetry32. The actin binding regions have been identified
along B-trefoils 1,2 and 1,4 with a possible third binding region located on B-trefoil 37°.
Multiple studies have reported that small molecules bind to these sites and affect fascin’s
functionality3%:38.79,

| used computational tools to explore potential binding sites for BTA ligands on

fascin. Using SiteMap® tool, | identified two likely binding sites (sites 1 and 2) on the
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fascin structure (PDB ID: 1DFC) (Figure 3.1). Next, | conducted molecular docking studies
where BTA-EGs and G2 (a known fascin inhibitor) were individually docked into these
identified binding sites, resulting in four separate docking runs. Site 1, situated between

B-trefoils 1 and 4, is adjacent to an actin-binding region of fascin and is close to Ser39 in

1 138 259 383 493
—[BteRild T p-trefoil2 || ptrefoil s || petrefoila |-

Figure 3.1: Results from SiteMap®° tool. Two proposed binding sites (sites 1 and 2) on
fascin for small molecules were identified (solid rectangle).

B-trefoil 1, a site regulated by phosphorylation®. Site 2, located between B-trefoils 1 and
2, has previously been noted as a binding site for G2 analogs’®81.

In site 1, the top docking poses of BTA-EGs revealed interactions where the
benzothiazole group interacts with hydrophobic residues like A137 and 145 in fascin, with

the benzothiazole nitrogen forming a hydrogen bond with R389 (Figure 3.2 and Figure
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3.3). Additionally, residue E492 was predicted to engage in multiple hydrogen bond
interactions with the ethylene glycol tail of BTA-EGs. Variations in the conformation of
BTA-EGs's oligo (ethylene glycol) chain were observed among the top poses, which
remained flexible and exposed to solvent. For G2 in site 1, top poses indicated
interactions where the benzene ring interacts hydrophobically with 145 and forms a
hydrogen bond with E492 (Figure 3.2 and Figure 3.4).

Regarding site 2, top docking poses suggested that BTA-EGs could potentially
establish hydrophobic interactions with residue 193, as well as cation-m and C-H-1r
interactions with residues R217 and E215, respectively (Figure 3.2 and Figure 3.5).
Similarly, for G2 in site 2, top poses indicated hydrophobic interactions with 193. Molecular
docking studies also suggested that G2 could form hydrogen bond and cation-1r

interactions with E215 and R217 in site 2, respectively (Figure 3.2 and Figure 3.6).
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Figure 3.2: Results from molecular docking. Representative top docked poses of BTA-
EGs and G2 bound to fascin at sites 1 and 2, respectively.
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Figure 3.3: 2D interactions map between fascin and BTA-EGe at binding site 1 between

B-trefoils 1 and 4.
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Figure 3.5: 2D interactions map between fascin and BTA-EGs at binding site 2 between
B-trefoils 1 and 2.
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3.3 Mutational analysis

Next, to experimentally investigate and validate the binding mode of BTA-EGs with
fascin, | identified specific residues for point mutations in both the binding sites discussed
above. Changes in the binding affinity of the mutant fascin proteins with BTA-EGs can
provide quantitative evidence to validate the in silico model. For this, | selected four
residues in site 1 of fascin—A137, 145, E492, and R389—as candidates for site-directed
mutagenesis studies based on their proposed involvement in binding to BTA-EGes.
Residues A137 and 145 are hydrophobic residues and are located within the cleft between
B-trefoils 1 and 4. Mutations A137K and 145Q were introduced to potentially enhance
binding by facilitating hydrogen bond and cation-1r interactions between BTA-EGs and
fascin at site 1. Residue E492 is suggested to participate in hydrogen bond interactions
with both BTA-EGs and G2 at site 1, while R389 is proposed to be involved in hydrogen
bonding interactions with BTA-EGs. Therefore, fascin mutants E492A and R389A were
designed to reduce these interactions and potentially decrease binding.

Similarly at site 2, | targeted three residues—I93, E215 and R217—for site-directed
mutagenesis studies. Residue 193 is a hydrophobic residue buried within the cleft
between B-trefoils 1 and 2. The mutation 193W was chosen to introduce a bulky group
that could potentially disrupt the binding of BTA-EGs or G2 to site 2 on fascin. Residue
E215 is predicted to form C-H-1 and hydrogen bond interactions with BTA-EGe and G2,
while R217 is predicted to be involved in cation-1 interactions with both BTA-EGe and
G2, respectively, at site 2. Therefore, fascin mutations E215A and R217A were designed
to interfere with these interactions and potentially reduce the binding of either of the small

molecule ligands to fascin at site 2.
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3.4 Biochemical assays
3.4.1 Expression and purification of WT fascin and fascin mutant pr

To experimentally validate the hypotheses generated from our in silico molecular
docking studies and to determine whether BTA compounds bind to site 1, site 2, or both
on fascin, | first generated, recombinantly expressed and purified fascin proteins (both
wildtype (WT) and mutant variants). The WT fascin was expressed as a fusion protein
having a glutathione S-transferase (GST) tag along with a thrombin cleavage site on the
N-terminal. The expression was carried out in E. coli under lower temperatures to aid in
protein solubility. The pellet was harvested and then purified using an affinity column. The
column was filled with glutathione Sepharose beads which have affinity for the GST-
fusion protein. After extensive washes, the fusion protein (GST-fascin) could be eluted
from the column using higher concentrations of glutathione. Alternatively, GST-fascin was

subjected to an on-column cleavage using thrombin overnight.

&
X RS Q}Q »OQ IS
Q
F &L SO
A s & & &S B
N AN 9
I’:ﬂt\)/;/ Qé ro\’Q O T «° & 'lzﬂt\)/\a/ Fractions from FPLC
250
150
100
(] 75 -
75 | wee - w= |+—GST-Fascin ; — . ‘ . |«— Fascin
%0 — <«— Fascin a7
[N ) 25
2 =i ww |<—ocsT 2
A 15
&d g 10
Glutathione column Gel filtration column

Figure 3.7: Purification of recombinantly expressed fascin fusion protein. A) Fractions
representing major steps in the GST-fascin purification are shown on an SDS-PAGE and
stained using a coomassie blue stain. B) Fractions from the gel filtration column
containing cleaved fascin protein.
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The cleaved fascin (protein of interest) was eluted from the column while the
uncleaved GST-fascin and cleaved GST remained on the column still bound to the beads.
The column was cleaned, and the remaining proteins still bound to the column (GST and
GST-fascin) were eluted by using higher amounts of glutathione. The fractions containing
fascin were pooled and concentrated before loading onto a S200 Superdex gel filtration
column to remove other minor impurities. The clean fractions of fascin from the gel
filtration column were collected and pooled together. Fascin was further concentrated
using Amicon centrifugal units for downstream biochemical assays. The purity of the
fractions containing fascin protein was assessed by running the protein fractions on an
SDS-PAGE and staining with Coomassie Brilliant Blue stain (Figure 3.7). Protein identity
was confirmed by western blotting using an anti-fascin antibody.

Once | optimized the expression and purification protocol for WT fascin, | designed
primers for single point mutations and carried out site directed mutagenesis to obtain
constructs of all 7 fascin mutant proteins 145Q, A137K, R389A, E492A, 193W, E215A and
R217A. The identity of all fascin mutant proteins was confirmed by DNA sequencing.
Fortunately, all the fascin mutant constructs expressed very similar to that of the WT
fascin in E. coli and | followed similar purification steps mentioned for WT fascin above

with minor modifications.

3.4.2 Circular Dichroism

Once | had purified both WT and mutant fascin proteins, | used Circular Dichroism
(CD) to determine whether the expressed, purified proteins were properly folded and to
determine if any mutations affected their conformation and stability. CD is a type of optical

activity that arises due to the difference in the absorption of left-handed circularly
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polarized light (L-CPL) and right-handed circularly polarized light (R-CPL) by a solution
containing chiral molecules®:. CD is commonly used to determine the secondary structure
and folding properties of recombinantly expressed proteins®?. The CD spectra of the
proteins were analyzed in the far UV region (wavelengths between 195-260 nm). The
spectra for all the proteins showed features typical of a B-sheet structure, which is
characteristic of the fascin molecule that consists of 4 3-trefoils. The CD spectra for fascin
mutants were similar to those of the WT protein (Figure 3.8), suggesting that the

mutations did not adversely affect the proper folding of the proteins.
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Figure 3.8: CD spectra of recombinantly expressed WT and mutant fascin proteins. The

shape of the spectra is consistent with large content of B trefoil structure in fascin. The
spectra of all the fascin mutant proteins align well with that of WT fascin with slight shifts.

3.4.3 Actin bundling assay

To test the functionality of WT and mutant fascin proteins, | carried out a slow
speed sedimentation assay as previously discussed in Chapter 2393578 Recombinant WT
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fascin and its mutants were incubated with F-actin. In the absence of fascin, most of the
actin was found in the supernatant. However, when actin was incubated with WT fascin
or its mutants, the majority of the actin was found in the pellet, indicating successful actin

bundling by both WT fascin and its mutant proteins (Figure 3.9).
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Figure 3.9: Analysis of the actin bundling capability of WT fascin and seven fascin mutant
proteins. A) Representative SDS-PAGE gel from the actin bundling assay. B) Graphical
analysis of amount of actin bundled by WT and fascin mutants. Statistical analysis was
performed using a two tailed Welch’s t-test. N=3 for each experiment.

3.3.4 Isothermal Titration Calorimetry studies

Next, | conducted binding studies using isothermal titration calorimetry (ITC) to
assess the binding affinity of BTA-EGes and G2 to WT fascin and mutant fascin proteins.
ITC measures the heat generated or absorbed when molecules interact, providing
insights into the thermodynamic parameters of such interactions, typically between small
molecules and proteins in solution®3. The ITC data revealed that BTA-EGs interacts
directly with WT fascin having a dissociation constant (Kd) of ~ 5uM and to G2 with a Kq
of ~10uM (Figure 3.10).

Consistent with our molecular docking predictions, BTA-EGe showed enhanced
binding affinity to the site 1 fascin mutant proteins A137K and 145Q (Table 3-1 and Figure

3.11), while binding affinity was reduced for the site 1 fascin mutant proteins R389A and
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E492A compared to WT fascin (Table 3-1 and Figure 3.11). In contrast, none of the site
1 mutations on fascin significantly affected the binding affinity of G2 compared to WT
fascin (Table 3-2 and Figure 3.11). For site 2, we found that none of the mutations on
fascin significantly altered the binding of BTA-EGes compared to WT fascin (Table 3-3 and
Figure 3.11). However, all site 2 mutations on fascin diminished the binding of G2

compared to WT fascin (Tabel 3-4 and Figure 3.11).
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Figure 3.10: A) Representative binding isotherm from the titration of fascin with BTA-
EGs. B) Results from ITC measurements of BTA-EGes (1ImM) and G2 (1ImM) with WT
fascin (100 uM). The experiments were carried out at 25°C. The data represents
measurements after subtraction of background (compound injected into buffer in the
absence of fascin protein). N=3 for each experiment.
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Table 3-1: Results from ITC measurements of site 1 fascin mutant proteins (100 uM) and
BTA-EGs (1 mM). The experiments were carried out at 25°C. The data represents
measurements after subtraction of background (compound injected into buffer in the
absence of fascin protein). N=3 for each experiment

Mutant | Binding Affinity | Kd (uM) | AH (ki/mol) | AS(1)/mol-K) | AG(ki/mol)

WT Fascin-1 - 4.86 £0.70 -209+£1.7 31.8+7.2 -30.4+£ 3.9
145Q Increase 0.30 £ 0.07 -56+1.0 107.0+54 -37.5+26
A137K Increase 0.75 +£0.03 -11.6£0.2 78.5+1.2 -35.0+ 0.6
E492A Decrease 17.50 £2.73 -45.7+2.3 -61.9+64 -27.3+4.2
R389A Decrease 15.30. £ 2.51 -39.3+29 -38.5+£8.7 -27.8+5.5

Table 3-2: Results from ITC measurements of site 1 fascin mutant proteins (100 uM)
and G2 (1 mM). The experiments were carried out at 25°C. The data represents
measurements after subtraction of background (compound injected into buffer in the
absence of fascin protein). N=3 for each experiment.

Mutant | BindingAffinity | Kd (uM) | 4H(ki/mol) | AS(/molK) | AG(ki/mol)
WT Fascin-1 - 9.29 £ 0.70 -24.9 +1.37 -28.8 +4.20 -16.3+£ 2.6
145Q No Change 7564014  258+255 2355647 18744
A137TK No Change 7.84 + 0.30 -23.9+1.52 -21.4 £4.33 -17.5+28
E492A No Change 6.40 +2.23 -27.4 +1.00 -25.4 £3.30 -19.8+1.9
R389A No Change 7.91 +1.81 -24.3+1.75 -23.0 +7.07 -17.4+3.8

Table 3-3: Results from ITC measurements of site 2 fascin mutant proteins (100 uM) and
BTA-EGes (1 mM). The experiments were carried out at 25°C. The data represents
measurements after subtraction of background (compound injected into buffer in the
absence of fascin protein). N=3 for each experiment.

Mutant | Binding Affinity | Kd (uM) | 4H (ki/mol) | AS(1/mol-K) | AG(kI/mol)

WT Fascin-1 - 4.86 + 0.70 -209+1.7 318+£72 -304+3.9
E215A No Change 3.40 £ 0.58 -18.9+15 41443 -31.2+2.8
193W No Change 4.41+1.12 -20.8+26 33.5+£10.5 -30.8 £ 5.7
R217A No Change 3.53+£048 273118 13.0+7.1 -31.2+£3.9
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Table 3-4: Results from ITC measurements of site 2 fascin mutant proteins (100 uM)
and G2 (1 mM). The experiments were carried out at 25°C. The data represents
measurements after subtraction of background (compound injected into buffer in the
absence of fascin protein). N=3 for each experiment.

Mutant ‘ Binding Affinity ‘ Kd (uM) | AH (kJ/mol) | AS()/mol-K) | AG(kJ/mol)
WT Fascin-1 - 9.29 + 0.70 -24.9 +1.37 -28.8 +4.20 -16.3+26
E215A Decrease 15.40 + 1.22 18.3+£2.92 -15.5 + 8.67 -13.8+55
193W Decrease 34.76 + 0.98 -10.7 + 3.44 -11.5+4.23 72+47
R217A Decrease 23.73+1.18 -14.7 £2.29 -16.9 + 6.40 96+4.1
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Figure 3.11: Graphical representation of binding affinities of site 1 and site 2 fascin

mutants to A) BTA-EGe and B) G2. Statistical analysis was performed using a two tailed

Welch’s t-test (*p<0.05, **p<0.01, **p<0.001, ****p<0.0001). N=3 for each experiment
Overall, these binding studies with the seven fascin mutant proteins strongly support

the hypothesis that BTA compounds bind predominantly to site 1 on fascin, while G2

binds to site 2.
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3.5 Conclusion

In this chapter, | was able to use molecular docking studies followed by site directed
mutagenesis studies to propose a possible binding site of BTA-EGs on fascin. The binding
studies with various fascin mutant proteins support the hypothesis that BTA molecules
may be binding to site 1 on fascin while G2 is likely binding to site 2. The latter observation
corroborates existing data that G2 analogs have been reported to bind to site 2 of fascin’®.
This distinction likely contributes to their opposing effects on fascin-mediated actin
filament bundling, with BTA compounds enhancing the acting bundling activity, while G2
inhibiting the actin bundling activity, providing mechanistic insights into how these

compounds interact with fascin and influence cellular functions.

3.6 Methods
Expression and purification of WT fascin

Fascin was grown by transforming the fascin pGEX-5X-2 plasmid into DE3-BL21
cells (NEB) following the manufacturer’s instructions. Cells were plated on selection agar
plates containing 100 pg/mL ampicillin. A colony was selected for growth overnight in 50
mL LB broth with 100 pg/mL ampicillin with shaking at 220 RPM and 37°C. The culture
was then transferred to a 1L culture containing YT broth (pre-warmed to 37°C) and 100
pg/mL ampicillin. The culture was allowed to grow to an OD of 0.8-1.0 at which point the
temperature was reduced to 17°C and the culture was induced with 0.5mM IPTG. The
culture was allowed to incubate overnight, and the bacteria were harvested by
centrifugation at 3000xg for 30 minutes and frozen at -80°C. Cells were lysed by

sonicating on ice in resuspension buffer (20mM Tris-HCI pH 8.0, 150mM NaCl). The
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lysate was centrifuged at 18,000xg for 30 minutes to remove the cell debris. The
supernatant was then incubated for at least 2 hours with 5SmL of glutathione Sepharose
beads (Sigma #17075605) per liter culture at 4°C. After extensive washing with
resuspension buffer, the beads were resuspended in thrombin cleavage buffer (20 mM
Tris-HCI, pH 8.0, 150 mM NaCl, 2mM CaClz, 1mM DTT). Fascin was released from the
beads by incubation overnight with 40—100U of thrombin at 4°C per liter culture. After
elution, 0.2mM phenylmethylsulphonyl fluoride was added to inactivate the remnant
thrombin activity. The fascin protein was further purified by loading onto a Superdex S200
size exclusion column. The clean fractions were collected and concentrated with Amicon
30 MWCO protein concentrator (Millipore) to greater than 10 mg/mL. The purity of
recombinant fascin proteins was determined by SDS-PAGE and the identity was

confirmed by western blot using anti-fascin antibody (MAB3582).

Site directed mutagenesis of fascin

Q5®Site-directed mutagenesis kit (New England BioLabs) was used to introduce
point mutations in fascin. Both forward and reverse primers for specific mutations were
designed and PCR was carried out using standard conditions as per manufacturer's

specifications. The identity was confirmed by DNA sequencing.

Expression and purification of fascin mutants

The same protocol for expression and purification as that for WT fascin was
followed. Protein purity was assessed visually by SDS-PAGE and protein identity was

confirmed by western blot using an anti-fascin antibody (MAB3582).
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Circular Dichroism (CD)

CD spectra of WT and fascin mutant proteins were collected in the range of 195-
300 nm using a Jasco J-810 spectropolarimeter. All samples were prepared in Tris buffer
(2mM Tris, pH 7.4, 1mM DTT, 2mM MgCl2) and the experiments were performed at 25°C.
The CD spectra were normalized with respect to protein concentration (0.5uM) and the
pathlength of the cuvette used (0.1 cm).
Molar ellipticity was calculated using the following formula and averaged across 3 scans:
[6](molar ellipticity)= MW x 100 x0 / ¢ x d (deg- cm?-dmol*)(c in mg/ml; d in cm)
[6](mean residue ellipticity)=MRW x 6 / 10c x d (deg.cm?.dmol?)

MRW (mean residue weight) = M/(N-1) (approx.110 + 5 Da)

Slow speed actin sedimentation assay

F-actin bundling activity by fascin was measured by a slow-speed centrifugation

assay as described previously in Chapter 2 of this dissertation.

Isothermal Titration Calorimetry

Calorimetric measurements were carried out using a Low Volume ITC instrument
(TA Instruments). The ligand (BTA-EGe or G2) was titrated to the protein solution (fascin
or fascin mutant proteins) present in the 350uL sample cell. All measurements were
carried out at 25°C. The protein was dialyzed in 50mM HEPES buffer (pH 7.5), 150mM
NaCl to a concentration of 100uM. The ligand solution contained 1mM of the small
molecule (BTA-EGs or G2) dissolved in the same buffer as the protein. Data was analyzed

using the NanoAnalyze software (TA Instruments) for fitting points to the independent
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binding model. Experimental heats of the protein-small molecule titration were corrected

for heats of dilution of the ligands into buffer alone.

Computational docking studies

All steps for the docking experiments were carried out using Schrodinger suite
2019-20. The crystallographic structure of fascin was retrieved from RCSB Protein Data
Bank, PDB ID: 1DFC?®’. The protein was prepared using Maestro’s Protein Preparation
Wizard®*. The SiteMap tool®® was used to identify two ligand binding pockets on fascin.
The receptor grids were then generated at the center of mass of the pocket residues and
were made large enough to contain the binding site of the protein and the surrounding
surface regions. Site 1 included residues 22, 27, 29, 39, 41, 68, 398, 408, 471, 488; and
site 2 included residues 11, 14, 16, 48, 49, 50, 58, 60, 62, 93, 95, 101, 103, 134, 213,
214, 215, 216, 217, 218, 219. Ligands were constructed in Maestro®* and LigPrep® was
used to prepare the ligand for molecular docking. Each generated ligand was docked into
both binding sites using Glide®® with extra precision docking and default parameters to
generate 100 poses for the ligand-receptor complex. The poses were clustered together
using a cutoff RMSD value of 2 A. The ligand interaction tool of the Molecular Operating
Environment (MOE) software®” was used to study the expected interactions between
ligand and protein residues in the binding sites. All the docked pose images were

generated using Chimera®® and 2D interactions maps were obtained from MOE.
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Chapter 4 : Structural studies of fascin and BTA-EGe to identify key residues in
their binding complex

4.1 Introduction

The development of a compound that enhances memory and learning in mice,
potentially addressing symptoms of neurodegenerative diseases, represents a significant
scientific and medical advancement. Understanding the precise interaction between a
compound and its specific protein target can provide insights into its mechanism of
action®®. This knowledge is crucial for developing new compounds with higher binding
affinity, which could serve as improved candidates for clinical trials®®. This chapter
focuses on gathering direct evidence for critical residues involved in the binding of BTA-
EGs to fascin by techniques such as protein crystallography and protein NMR. By
correlating structural data with functional assays and computational models, this study
will contribute significantly to the field of drug discovery and development, particularly in
the context of understanding protein-ligand interactions that are crucial for neuronal
function and plasticity.

4.2 Previous work in the Yang lab

Previously in Yang lab, Dr. Kevin Sibucao carried out photoaffinity labeling studies
to identify fascin as the target of BTA molecules?®. In the previous chapter, | have
confirmed and quantified the binding affinity of BTA-EGs to fascin by ITC to be ~5uM. |
have also identified a potential novel binding pocket for BTA ligands on fascin which may
influence the type of activity that is observed upon binding of BTA compounds to fascin.
In collaboration with Dr. Kyle Berg from the Yang lab, | build on these findings to provide

additional structural evidence as to the binding pocket of BTA-EGs with fascin.
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4.3 X-ray crystallography of fascin and BTA-EGs

The first method attempted for this analysis was X-ray crystallography which relies
on the diffraction of an X-ray beam to reveal the 3-D structure of the electron clouds within
the crystal latticel®. X-ray crystallography provides a high atomic resolution of protein
structure and is generally not limited by protein size and can reveal direct interactions
between protein and ligand®!. This allows us to visualize the spatial arrangement of a
ligand within the binding site at an atomic resolution!®?, Some limitations of X-ray
crystallography are that a single crystal must be achieved with a single lattice. It also
provides a more static snapshot rather than dynamic information%, In some cases, the
conditions used to induce crystal formation may not accurately mimic the native
conditions of the protein1%4105,

Since crystallization conditions for fascin are already published387981.106 Dr, Kyle
Berg was able to obtain a high-resolution 2.1A structure of fascin®. Unfortunately, despite
many efforts, when attempting to crystallize fascin in the presence of BTA-EGs, he was
not able to yield clear electron density for the compound.

To further this study, | attempted the soaking method to get a co-crystal of fascin
and BTA-EGes. This technique introduces small molecules or ligands to the already formed
protein crystals for structural analysis'®’1%. The apo structure was first grown using a
hanging drop method'® based on conditions previously established in literature and by
Dr. Kyle Berg in the Yang lab. Fascin was concentrated to approximately 14 mg/mL in a
protein buffer containing 20 mM Tris, 40 mM KBr, and 0.5 M EDTA at pH 8.0. The best-
guality crystals were observed in conditions containing 18% PEG 4000, 100 mM HEPES

pH 8.0, 3% isopropanol, and 1 mM DTT. Once crystals were obtained, they were
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transferred into a solution containing BTA-EGs and included cryoprotectants like glycerol
and PEG 4000 to prevent ice formation during flash freezing. The crystals were left to
incubate allowing ligand molecules to diffuse into the crystal lattice and bind to the protein
followed by flash freezing using liquid nitrogen. The crystals were then subjected to X-ray
diffraction to determine the atomic structure. Unfortunately, | still could not see the

presence of BTA-EGs in the crystal lattice (Figure 4.1).

A

Crystals after soaking Overall structure
Figure 4.1: X-ray crystallography of fascin using soaking method. A) Images of crystal

droplets after soaking with BTA-EGe B) Overall image of the 2.6A structure of fascin after
soaking with BTA-EGe. The electron density of BTA-EGs was not seen in this structure.

Potential reasons for not seeing the molecule in the co-crystal structure might be
due to the competitive binding of PEG from the crystallization conditions to the binding
site of BTA-EGs, or exclusion of BTA-EGs by the crystal lattice. Structural data from a
related study suggested that PEG molecules can occupy the binding site near Arginine
3893 (Figure 4.2), which is in the same vicinity where we have proposed our molecules

to bind, potentially interfering with BTA-EGe binding. Despite these challenges, along with
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Dr. Kyle Berg, | explored alternative crystallization conditions without PEG, screening
numerous conditions without success. | also looked at buffer exchanging the crystal to go
from PEG to a non-PEG environment but that also did not work. Consequently, we turned
to protein NMR as an alternative method to gain structural insights into the interaction

between BTA-EGs and fascin.

'MARCKS 158Is.K 8 F K LIG FIF.
Fascin PEGFEKVNASAS- - SL

N174
K 43

Conservation

Figure 4.2: Surface representation of the actin-binding site in 3 trefoil 1 colored by residue
conservation (left) and an enlarged view (right) showing molecules of PEG bound in the
cleft formed at the interface between {3 trefoil domains 1 and 4. Residue conservation
decreases from blue tored as indicated by the barat the bottom of the figure.
Reproduced from Jansen et al®®.

4.4 Introduction to protein NMR

Protein NMR is a dynamic technique, showing protein flexibility and conformational
changes'!®. Compared to X-ray crystallography it can be non-destructive and non-
invasive to the sample in solution!!!, Protein NMR can reveal different conformations and

fluctuations in the protein’s structure and interactions within the protein'1®. In terms of
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drawbacks, data interpretation can be complex, especially for larger proteins. And the
signal-to-noise ratio requires a large amount of pure protein. In general, protein NMR is
typically more challenging for proteins 230kDa'213; fascin (~55kDa) falls into this
category.

Solution protein NMR relies on detecting the amide N-H signals along the
backbone of the polypeptide chain of the protein'!4. Each N-H signal corresponds to a
single amino acid, except for prolines which lack the N-H common to most amino acids,
and the starting methionine which can be absent due to processing during expression1s,
For a protein like fascin with 493 amino acids, 15 prolines, and a starting methionine, the
expected number of observable N-H peaks is 477. To appear in NMR spectra, the amide
nitrogen must be enriched with the proper atomic spint!4, typically achieved by isotopically
enriching nitrogen-15 (**N) and carbon-13 (*3C), rather than their predominant natural
forms (**N and *2C, respectively). Hydrogen-1 (*H) signals, however, do not require
isotopic enrichment and are often suppressed using deuterium (°H) to reduce background
noise from ubiquitous 'H signals4.

Each isotope provides distinct NMR signals, observable in one-dimensional
spectra. Two-dimensional and three-dimensional NMR experiments further correlate
nuclei that are spatially close to each other. For instance, heteronuclear single quantum
coherence (HSQC) spectroscopy correlates N-H amide peaks!!4, while three-dimensional
experiments like HNCA and HNCACB correlate N-H (HN) with a-carbon (CA) and B-
carbon (CB) signals of amino acids, respectively!!6-118 These experiments leverage
unique chemical shifts of o and B carbons across amino acids to identify correlations

between N-H peaks and specific amino acids.
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Transverse relaxation optimized spectroscopy (TROSY) experiments are particularly
beneficial for large proteins like fascin, offering enhanced signal and resolution?®®. A
combination of these NMR techniques could potentially provide comprehensive data to

elucidate the binding site of BTA-EGs to fascin.

4.5 Previous studies in the Yang lab — 2D solution NMR of WT fascin

Based on literature precedence, it was considered impractical to employ solution NMR
technique for fascin due to its size (~55kDa), which typically leads to overlapping
peaks!!'-113  But despite potential challenges, Dr. Kyle Berg was able to obtain the
TROSY-HSQC spectrum for fascin which exhibited excellent resolution for a protein of
this size®®. The spectrum revealed 463 out of the expected 477 peaks of fascin, indicating
97% coverage (Figure 4.3). This high coverage and resolution were particularly
impressive for a protein of this size.

Subsequently, Dr. Kyle Berg conducted follow up TROSY-HSQC experiments under
the same conditions with the addition of 600 uM BTA-EGs (a 2:1 ratio of small molecule
to protein) to probe for spectral perturbations indicative of BTA-EGe binding sites.
Overlaying this spectrum with the apo protein spectrum (Figure 4.4) revealed
approximately 50-60 peaks exhibiting clear chemical shift differences®®. These shifts likely
corresponded to the amino acid residues which are influenced by being in the proximity
of BTA-EGs, suggesting either direct binding interactions or conformational changes that

were induced upon compound binding.
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Figure 4.3: TROSY-HSQC of fascin in solution. 463 out of 477 expected peaks were

visualized for 97% coverage. (Data from Dr. Kyle Berg’s dissertation®8).
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Figure 4.4: TROSY-HSQC of fascin (blue) overlayed with TROSY-HSQC of fascin with
BTA-EGs added (olive green) (Data from Dr. Kyle Berg’s dissertation®8).
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Assigning peaks, however, proved to be difficult and follow up 3D NMR
experiments such as HNCACB5, CBCAHN!!® and HN(CO)CA!??° did not provide
sufficient signal quality at the fascin concentration being used. Due to the size of fascin
there were many overlapping peaks, and only some peaks were successfully assigned in
less crowded regions of the spectrum while densely packed regions presented difficulties.

This prompted a shift in strategy to identify key residues in the binding pocket.

4.6 Site directed mutagenesis

Since fully assigning the residues of full-length fascin proved challenging with the

methods previously used in the Yang lab, | redirected my efforts toward identifying key

1 138 259 383 493

—  B-trefoil 1

Figure 4.5: Proposed binding site of BTA-EGe with fascin between j trefoils 1 (cyan) and
4 (purple). Residues A137, A406, G390 and G393 were chosen for point mutations.
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residues involved in the binding of BTA-EGe by other methods. For the next set of
analysis, Dr. Kyle Berg and | collaborated with Dr. Sang Ho Park, Dr. Xuemei Huang and
Professors Stanley Opella and Galia Debelouchina, experts in protein NMR at UCSD.
Together with them, | identified residues to target in the binding pocket based on the
model that | had proposed in the previous chapter for the fascin-BTA-EGe complex. |
mainly focused on Alanine and Glycine residues: A137, G390, G393 and A406 (Figure
4.5), that are in proximity of the proposed binding pocket of fascin and are expected to
interact with BTA-EGe.

Since | had previously generated fascin mutant A137K and found that the construct
expressed well and in good quantities, | went through and tested different point mutation
for the residues G390, G393 and A406. Finally, | decided on mutations G390S, G393S
and A406S for further analysis. These mutations enabled me to express and purify fascin
mutant proteins in enough quantities to perform the solution NMR experiments. After
confirming that all fascin mutant proteins were properly folded and were functionally active
like WT fascin, | carried out binding studies of these mutant proteins with BTA-EGs using
ITC.

As previously discussed, fascin mutant A137K bound significantly better to BTA-EGe
as compared to WT fascin. On the contrary, mutation G390S significantly disrupted the
binding interaction between fascin and BTA-EGs. The other two mutations A406S and
G393S, both influenced the binding affinity to BTA-EGs compared to that of WT fascin,
but they were not found to be statistically significant (Figure 4.6). After confirming that
these fascin mutant proteins were still binding to BTA-EGs, | was ready to express them

as uniformly labeled proteins for TROSY-HSQC NMR experiments.
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WT Fascin 48+0.7 -209+1.7 31.8+7.2 -30.4+39
A406S No Change 3.4+0.7 -12.3+0.9 63.4+15 -31.2+0.5
A137K Increase 0.75 + 0.03 -11.6+0.2 785+1.2  -35.0%0.6
G393S No Change 58+15 -13.6+1.6 545+39 -29.9+0.6
G390S Decrease 7.6+0.4 93+0.7 66.7+1.9 -29.2+0.1
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Figure 4.6: A) Binding affinity data for WT fascin and fascin mutants with BTA-EGs. B)
Graphical representation of the binding affinities of WT fascin and fascin mutants. Each
mutant was compared to WT fascin. Statistical analysis was performed using a two tailed
Welch’s t-test (*p<0.05, **p<0.01, n=3 for each.)

4.7 Identification of peak belonging to G390

To identify the peak corresponding to residue G390, | expressed and purified 15N
uniformly labeled mutant protein G390S for two-dimensional NMR analysis using
TROSY-HSQC. As G390 is forming the loop region in the B trefoil 4 domain of fascin
(Figure 4.5), | anticipated that the mutations would cause shifts in the chemical
environment of nearby residues. | overlaid the spectrum obtained for the uniformly labeled

G390 fascin mutant protein with that of the uniformly labeled spectrum of WT fascin
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(previously obtained by Dr. Kyle Berg®®) and found that about 50-60 peaks showed visible
chemical shifts in the fascin mutant spectrum of G390S as compared to the WT fascin

spectrum (Figure 4.7).
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Figure 4.7: TROSY-HSQC of uniformly labeled WT fascin (blue) overlayed with TROSY -
HSQC of uniformly labeled fascin mutant G390S (orange).

57



Next, | expected that the peak corresponding to the point mutation G390S to
disappear in the uniformly labeled spectrum of G390S without a corresponding new peak
nearby. On closer inspection and comparison to the WT spectrum, | was able to identify
the disappearance of G390 peak in the G390S mutant spectrum (Figure 4.8A), clearly
indicating the identity of this peak in the WT fascin spectrum.

To further confirm the identification of this peak as a glycine, | referred the 3D HNCA
spectrum of WT fascin (previously obtained by Dr. Kyle Berg®). Selective labeling of
glycine residues was unnecessary for peak identification because glycine residues exhibit
a distinct characteristic a-carbon chemical shift'?l. Glycine's unique a-carbon chemical
shift averages around 45 ppm, whereas other amino acids with a 3-carbon adjacent to
the a-carbon show an average a-carbon chemical shift which ranges from 53-63 ppm?*2*,
Analyzing the HNCA spectrum of WT fascin and correlating N-H peaks to a-carbon, |
identified the peak in contention that disappeared in the G390S mutant spectrum to be a
glycine residue with a chemical shift of 43.0 ppm (Figure 4.8B).

Subsequently, | compared the original spectra obtained by Dr. Kyle Berg at the
same chemical shift values between WT fascin and WT fascin in presence of BTA-EGe
overlaid (Figure 4.8C) to investigate if the peak G390 showed chemical shift changes
upon BTA-EGs binding. Indeed, | observed a chemical shift perturbation for the peak
G390 in the presence of BTA-EGs (Figure 4.8C), suggesting the involvement of residue

G390 in the binding pocket of BTA-EGs to fascin.
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Figure 4.8: Identification of peak corresponding to residue G390. A) Zoomed in overlay
of TROSY-HSQC of uniformly labeled WT fascin (blue) with the TROSY-HSQC of
uniformly labeled G390S fascin mutant (orange). B) Overlay of TROSY-HSQC of
uniformly labeled WT fascin (blue) and TROSY-HSQC of uniformly labeled WT fascin in
presence of BTA-EGs (olive green). Arrows indicate that peak G390 disappears in (A)
and shows a chemical shift upon binding to BTA-EGs in (B)

4.8 Identification of peak belonging to G393

Similar experiments and analysis as that for G390 were carried out for the
identification of glycine residue G393. First, | carried out the expression and purification
of uniformly labeled 15N mutant protein G393S for two-dimensional NMR analysis using
TROSY-HSQC. G393 is also in the same loop region as G390 (Figure 4.5), hence |
anticipated that the mutation would cause shifts in the chemical environment of nearby
residues. On overlaying the spectrum obtained for the uniformly labeled G393 fascin
mutant protein with that of the uniformly labeled spectrum of WT fascin (previously

obtained by Dr. Kyle Berg®®), visible chemical shifts of about 50-60 peaks were again
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seen in the fascin mutant spectrum of G393S as compared to that of the WT spectrum

(Figure 4.9).
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Figure 4.9: TROSY-HSQC of uniformly labeled WT fascin (blue) overlayed with TROSY -
HSQC of uniformly labeled fascin mutant G393S (red).

Next, | was able to identify the disappearance of peak corresponding to residue G393

in the G393S mutant spectrum (Figure 4.10A), clearly indicating the identity of this peak
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in the WT fascin spectrum. Referencing the HNCA 3D spectrum of WT fascin (previously
obtained by Dr. Kyle Berg®®), correlating N-H peaks to a-carbon, | identified the peak in
contention that disappeared in the mutant spectra of G393S to be a glycine residue
(Figure 4.10B). Finally, | compared the original uniformly labeled spectra obtained by Dr.
Kyle Berg at the same chemical shift values between WT fascin and WT fascin with BTA-
EGe overlaid (Figure 4.10C) to reveal that there was an observed chemical shift
perturbation for the peak G393 in the presence of BTA-EGs (Figure 4.10C), suggesting

the involvement of residue G393 in the binding pocket of BTA-EGs to fascin.
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Figure 4.10: Identification of peak corresponding to G393. A) Zoomed in overlay of the
TROSY-HSQC for uniformly labeled WT fascin (blue) with the TROSY-HSQC of uniformly
labeled G393S fascin mutant (red). B) Overlay of TROSY-HSQC of uniformly labeled WT
fascin(blue) and WT fascin in the presence of BTA-EGs (olive green). Arrows indicating
that peak G393 disappears in (A) and shows a chemical shift upon binding to BTA-EGe
in (B).

4.9 Selective labeling of Alaresidues

After identifying the peaks corresponding to residues G390 and G393 in the WT

fascin spectrum, | focused on identifying the Ala residues. Unlike glycine residues, alanine
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lacks a uniquely distinctive signature average chemical shift that could be used to identify
it from the rest of the amino acids'?1??2, Hence, | used the selectively labeled alanine
spectrum of WT fascin which was previously obtained by Dr. Kyle Berg®. He labeled
alanine residues by growing bacteria in media spiked with 15N-labeled alanine and other
unlabeled amino acids prior to induction. The resultant two dimensional TROSY-HSQC
spectrum of alanine-labeled WT fascin overlapped well with uniformly labeled WT fascin
(Figure 4.11). 45 out of 49 expected alanine residues (92% coverage) were identified in
the protein sequence®. This facilitated comparisons of WT fascin spectrum and the

spectra obtained from uniformly labeled fascin mutants A406S and A137K.
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Figure 4.11: TROSY-HSQC of uniformly labeled WT fascin (blue) overlayed with
TROSY-HSQC of alanine labeled WT fascin (black). (Data obtained from Dr. Kyle Berg’s
dissertation®8).

4.10 Identification of peak corresponding to A137

| expressed and purified uniformly 15N uniformly labeled fascin mutant protein A137K

for two-dimensional NMR analysis using TROSY-HSQC. For A137K, | mutated a small
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hydrophobic residue (Ala) to a charged polar residue (Lys), anticipating that this change
would create perturbations in the binding pocket. When overlaying the spectrum of
uniformly labeled mutant protein A137K with the uniformly labeled WT fascin spectrum
(previously obtained by Dr. Kyle Berg®), | again observed good convergence, with
approximately 60 peaks showing non overlapping chemical shifts (Figure 4.12).

As with the glycine mutations, the disappearance of the peak corresponding to
mutation A137 in the mutant spectrum would be the clearest indication of the identity of
the peak corresponding to residue A137 in the original WT fascin spectrum. Overlaying
the uniformly labeled spectrum of WT fascin with that of the spectrum obtained of
uniformly labeled A137K mutant, | identified a peak that disappeared in the A137K
spectrum (Figure 4.13A). By comparing this with the alanine-labeled spectrum of WT
fascin, | confirmed that the missing peak was indeed an alanine residue and concluded
that the missing peak corresponded to A137 (Figure 4.13B). Subsequently, | overlaid the
uniformly labeled spectrum of WT fascin with that of uniformly labeled spectrum of WT
fascin in presence of BTA-EGe and observed a chemical shift in the peak when incubated
with BTA-EGs (Figure 4.13C), providing us of evidence of the involvement of residue A137

in the binding pocket of BTA-EGe.
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Figure 4.12: TROSY-HSQC of uniformly labeled WT fascin (blue) overlayed with
TROSY-HSQC of uniformly labeled fascin mutant A137K (pink).
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Figure 4.13: Identification of peak corresponding to A137. A) Zoomed in overlay of the
TROSY-HSQC for uniformly labeled WT fascin (blue) with the TROSY-HSQC of uniformly
labeled fascin mutant A137K (pink) B) Overlay of uniformly labeled WT fascin (blue) with
alanine labeled WT fascin (black). C) Overlay of uniformly labeled WT fascin (blue), Ala
labeled WT fascin (black) and uniformly labeled WT fascin in presence of BTA-EGes (olive
green). Arrows indicate peak A137 disappears in (A) and is identified as an Alanine
residue in (B) which shows a chemical shift upon binding to BTA-EGs in (C)

4.11 Identification of peak corresponding to A406

The same set of experiments and analysis for the identification of A137 was carried
out for the identification of the peak corresponding to A406. Firstly, | expressed and
purified uniformly 15N uniformly labeled fascin mutant protein A406S for two-dimensional
NMR analysis using TROSY-HSQC. A406 is also located in a flexible beta turn region in
proximity with glycine residues G390 and G393 (Figure 4.5), and | expected the A406S
mutation to cause some perturbations in the chemical shifts of nearby residues.

When overlaying the spectrum of uniformly labeled mutant protein A406S with that

of uniformly labeled WT fascin spectrum (previously obtained by Dr. Kyle Berg®®), there
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was good overlap between the spectra, with approximately 60 peaks showing non

overlapping chemical shifts (Figure 4.14).
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Figure 4.14: TROSY-HSQC of uniformly labeled WT fascin (blue) overlayed with
TROSY-HSQC of uniformly labeled fascin mutant A406S (green).

Overlaying the uniformly labeled spectra of WT fascin and the fascin mutant

A406S, | identified a peak that disappeared in the A406S spectrum (Figure 4.15A). By
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comparing this with the alanine-labeled spectrum of WT fascin, | concluded that the
missing peak was indeed an alanine and corresponded to residue A137 (Figure 4.15B).
Subsequently, | overlaid the uniformly labeled spectra of fascin with and without BTA-EGs
and observed a chemical shift in the peak in the presence of BTA-EGs (Figure 4.15C),

supporting the idea that residue A406 is involved in or is near the binding pocket of BTA-

EGe on fascin.
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Figure 4.15: Identification of peak corresponding to A406. A) Zoomed in overlay of the
TROSY-HSQC of uniformly labeled WT fascin (blue) with the TROSY-HSQC of uniformly
labeled A406S fascin mutant (green) B) Overlay of uniformly labeled WT fascin (blue),
uniformly labeled A406S (green) and alanine labeled WT fascin (black). C) Overlay of
uniformly labeled WT fascin (blue), and uniformly labeled WT fascin in presence of BTA-
EGs (olive green). Arrows indicate peak A406 disappears in (A) and is identified as an
alanine residue in (B) which shows a chemical shift upon binding to BTA-EGs in (C).

4.12 Conclusion

Obtaining a protein NMR spectrum for a protein of ~55kDa is novel and paves the
way for future analyses. The identification of residues G390, G393, A406 and A137

provides insights into their involvement in the binding pocket of BTA-EGs with fascin, as
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previously suggested. These experiments set the stage for further investigations for BTA-
EGs binding and for the complete assignment of the WT fascin spectrum. Such findings
are pivotal for future research on therapeutic strategies targeting fascin in
neurodegenerative disorders and cancer, offering an alternative to crystallization for

structural determinations of therapeutic binding.

4.13 Methods
Expression and purification of unlabeled WT and mutant fascin proteins

Site directed mutagenesis was carried out to create fascin mutants as discussed
in Chapter 3. The expression and purification of WT fascin and fascin mutant proteins
was also carried out as discussed previously in Chapter 3. After affinity columns, the
protein was passed through S200 size exclusion chromatography column in protein buffer
(20mM Tris, 40mM KBr, and 0.5M EDTA pH 8.0) for crystallography or NMR buffer (40mM
HEPES, 90mM 1mM TCEP NaCl pH 6.0) for protein NMR studies. The protein was then

concentrated using a 30kDa cutoff (Millipore) to the desired concentration.

Crystallography of WT fascin

Crystals for diffraction were obtained by mixing 2uL of 14mg/mL fascin in protein
buffer (20mM Tris, 40mM KBr, and 0.5M EDTA pH 8.0, 2mM BTA-EGs) with 2uL
crystallization buffer (14-24% PEG 4000 100mM HEPES pH 8.0, 1mM DTT) on a glass
coverslip and sealed over a well containing 1mL crystallization buffer. Crystals were
allowed to form over the course of 3 days. Crystals were exchanged into cryo buffer

(crystallization conditions plus additional glycerol for a final concentration of 30%
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cryoprotectant) to inhibit ice crystal formation upon flash-freezing, collected in loops and
frozen in liquid nitrogen. Crystals were sent to the synchrotron at Argonne National Lab.
Diffraction data collection was performed by remote control of the beamline at that
location. Data was reduced with XDS package utilities?3, molecular replacement was
performed with PHASER?4, then iterative refinement and building was performed with

Coot!?> and phenix.refine!?¢,

Expression of uniformly 15N labeled WT and mutant fascin proteins for TROSY-
HSQC NMR experiments

Plasmids were transformed into DE3-BL21 cells using the manufacturer’s protocol.
A colony was selected for growth for 5hrs in 2-3mL LB broth with 100 pg/mL ampicillin
with shaking at 220rpm and 37°C. 200ul of the culture was then transferred into a 50mL
culture containing M9 or Mengli mimimal media containing 1g of either 15N labeled
ammonium chloride or ammonium sulfate and 8g of unlabeled glucose. The culture was
then transferred to a 1L culture containing Mengli media (prewarmed to 37°C) and 100
pg/uL ampicillin. The culture was allowed to grow to an OD of 0.8-1.0 at which point the
temperature was reduced to 17°C and culture was induced with 0.5 mM IPTG. The culture
was allowed to incubate overnight, and the bacterial pellet was harvested by
centrifugation at 3000xg for 30mins and frozen at -80°C. Purification proceeded as

described previously.
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NMR experiments

All protein NMR experiments were recorded at 37°C on Bruker Avance Neo 800MHz
spectrometers equipped with TXO 1H/13C/15N cryoprobes. 1H/15N TROSY-HSQC data
was recorded with 2k and 256 complex points. The NMR data were processed with

NMRPIPE and analyzed with Bruker Topspin 41?7,
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Chapter 5: Screening and development of small molecules that bind to fascin

5.1 Introduction

Fascin, an actin bundling protein, is implicated in numerous cellular processes,
including the formation of filopodia and invadopodia3%%2, Several compounds, such as G2
and its analogs, have been reported to target fascin and inhibit its actin-bundling 7°:81-83,
However, till date, very few ligands are reported to have an agonistic effect on fascin’s
actin bundling activity— among these are the oligo derivative of Benzothiazole Anilines
(BTA).

Previous research in the Yang lab demonstrated that the BTA compounds improve
memory and learning in both WT mice and transgenic mouse for AD?°28, These
behavioral improvements were accompanied by significant increases in dendritic spine
density in hippocampal neurons?’-28, Similar increases in dendritic spine density were
observed with other BTA derivatives such as BTA-EGs, BAM-1, BAM2, BAM3-EGe¢?’. This
contrasts with G2, which showed no effect on dendritic spine density in primary neurons.
This functional and mechanistic uniqueness suggests distinct binding sites which could
lead to differences in the mechanism of action for these BTA compounds upon binding to
fascin.

In the present study, in collaboration with Dr. Geoffray Leriche (in the Yang lab),
we generated and synthesized a library of BTA analogs with different functional scaffolds
(Figure 5.1) to explore their binding affinity and specificity towards fascin, with the aim of

identifying compounds that could serve as effective therapeutic agents.
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5.2 Thermal shift assay for screening BTA analogs

To screen the synthesized library of BTA analogs, | employed a thermal shift
assay. This method measures the melting temperature of a protein (Tm), which is the
temperature at which there is 50% denaturation. Protein denaturation is monitored via an
increase in fluorescence of SYPRO orange dye which binds to hydrophobic residues that
get exposed as the target protein unfolds'?®. Compound binding to the target protein
possibly leads to increased stability and an increase in the melting temperature. The
library of 13 BTA analogs that share components with BTA-EGs, allowed us to assess the
effects of different structural changes and their impact on binding to fascin. Thioflavin T

was used as a negative control for this study.
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Figure 5.1: A) Docked pose of BTA-EGs to the site between 3 trefoil 1 and 4 of fascin. B)
Library of compounds used in the thermal shift screening assay.
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An average Tm value of 60.2°C + 0.3°C. was obtained for unbound fascin as
reference for determination of the change in Tm upon compound binding. The results of
the thermal shift assay with the library of 15 compounds (including BTA-EGes and ThT)

are summarized in Table 5-1.

Table 5-1: Results from the thermal shift screening assay.

Conc.(m) | Tm (0

Free fascin - 60.2+0.3
BTA-EG4 1 62.7+0.2
BAM-1 1 61.5+0.1
E144 1 64.2+0.1
D90 1 53.2+0.2
D106 1 60.7 0.1
D79 1 61.7+0.3
D57 1 60.5+0.1
D42 1 61.8+0.2
D44 1 60.1+0.2
D107 1 60.2+0.1
D41 1 63.2+0.3
D46 1 63.1+0.2
D80 1 63.6+0.3
D91 1 60.9+0.1
ThT 1 60.6+0.2

Some compounds resulted in distorted thermal unfolding profiles from which
reliable Tm values could not be extracted, probably due to compound interference with
the SYPRO orange fluorescence signal used in the assay, highlighting the need for

additional assays to confirm binding. Within those that could be analyzed, | only looked
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at molecules that had a similar or greater effect on Tm than what was observed with BTA-
EGs. Among these hits, molecule E144 resulted in the highest significant increase in Tm
along with molecules D41, D42 and D80, suggesting specific binding to fascin and greater

stabilizing effect on fascin’s Tm (Figure 5.2).
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Figure 5.2: A) Summary of changes in Tm of fascin induced by the presence of small
molecules. B) First derivative of the thermal denaturation profiles (average from 4 runs)
of selected hits from the thermal shift screening assay.

5.3 Binding studies with hits from the thermal screening assay

To investigate the relationship between Tm and binding affinity (Kd), and to further
validate the binding of identified hits, | carried out ITC studies similar to what was
discussed in the previous chapters. Among the four tested compounds, only E144
displayed a significantly better binding affinity to fascin compared to BTA-EGs (Figure 5.3)
Compound D80 also showed an improved binding affinity, although it was not statistically
significant. The binding interactions of these compounds with fascin revealed a higher
entropic contribution compared to BTA-EGs, indicating a potential difference in the
binding mode. Further ITC studies with compounds D42, D79 and BAM1, which were

initially screened out, confirmed that they had lower binding affinities compared to BTA-
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EGs. The correlation between Tm and binding affinity (Kd) was robust (Figure 5.3C),

supporting the use of thermal shift assays as a preliminary screening tool for

binding/stabilization events.
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Figure 5.3: A) Summary of binding affinity data for all the BTA analogs with fascin as
calculated by ITC measurements. B) Graphical representation of binding affinities of
selected small molecules to fascin. C) Correlation graph between Tm and Kq data.
Statistical analysis was performed using a two tailed Welch’s t-test. (*p<0.05, **p< 0.01,
***n<0.001, n=3 for each molecule)
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5.4 Molecular docking studies

Molecular docking studies were conducted to understand the binding interactions
of BTA analogs E144, D80, D41 and D46 with fascin and to compare their conformational
poses with that of BTA-EGs. The top docked poses for each molecule looked very similar
to that of BTA-EGs. BTA-EGs has been proposed to interact with residue R389 via an H-
bond and form hydrophobic contacts with residues A137, G393 and 145 (Figure 5.4A).
Similar contacts were seen for compound E144 with an additional contact being formed
with H65 and the benzene ring which could possibly account for its higher binding affinity
to fascin (Figure 5.4B). Similarly, D80 had contacts with R389, 145, A137 and G393 but
the contact with H65 was not seen in this case (Figure 5.4C). Top poses of D41 (Figure

5.4D) and D46 (Figure 5.4E) show the loss of interaction with R389 which may explain

their lower binding affinity with fascin compared to that of BTA-EGe.
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Figure 5.4: Results from molecular docking of BTA analogs to the proposed binding site
on fascin between f trefoil 1 and 4. A) BTA-EGs (white) B) E144 (cyan) C) D80 (yellow)

D) D41 (pink) E) D46 (orange)
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5.5 In vitro and in vivo activity of BTA analogs

| then assessed the functional effects of these compounds by carrying out a slow
speed sedimentation assay to measure the actin bundling activity of fascin in the
presence of identified BTA analogs — E144, D80, D41 and D46. As discussed previously,
BTA-EGs was found to increase the actin bundling activity of fascin. Similarly, all the four
BTA analogs also significantly enhanced fascin’s actin bundling activity, surpassing the
effects observed with BTA-EGs (Figure 5.5). In contrast, other molecules — D42, D79 and
BAM-1 did not exhibit significant changes in actin bundling of fascin compared to the

control samples (no molecule).
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Figure 5.5: Investigation of the effects of BTA analogs on the bundling of actin filaments.
A) Representative gels of actin in bundles (P) versus unbundled (S). B) Quantification of
the gel in (a) showing the fraction of actin filaments in bundles after various treatments.
Statistical analysis was done by two tailed Welch'’s t-test (*p<0.05, **p<0.01) for n=3 and
reflect comparisons of actin bundling with respect to fascin and actin alone (without any
compound).

Next, in collaboration with Dr. Lara Dozier of Patrick lab, we carried out spine

density analysis of primary hippocampal neurons in the presence of these compounds to
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assess. We wanted to assess if the effects seen in vitro would be translated into the
phenotype observed with BTA-EGs. Lara treated (molecule or control) and fixed the
neurons while | took images and analyzed them in a blinded fashion. Not until the analysis
was complete was the identity of each sample treatment revealed.

Neurons were analyzed through image analysis as previously described®’.
Secondary dendritic shafts were selected using the straiten macro’®, then cropped to 30
pm segments. Dendritic spines along the dendritic shaft were measured manually and
counted using a spine counting macro developed in the Patrick Lab. Previously, we found
that BTA-EGs significantly increases the spine density in primary neurons. Of these 4
molecules, only D80 and E144 significantly increased spine density, mirroring the effects
of BTA-EGs. Other molecules such as D46, D41, D42 and D79 did not show any
difference in spine density when compared to the control (no treatment) samples. Only
BAM1 showed a significant increase in spine density compared to the control sample, a

result previously reported in the Yang lab?’ (Figure 5.6).
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Figure 5.6: A) Spine density measurements in primary neurons upon treatment with BTA
analogs. B) Representative 30 um dendritic segments selected for dendritic spine
analysis. Statistical analysis was performed using two tailed Welch’s t-test (*p<0.5,
****p<0.001). N = 60 dendritic segments per treatment.
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5.6 Conclusion

In summary, this chapter details the identification and characterization of several BTA
analogs with different structural scaffolds that bind to fascin and enhance its actin
bundling activity. Among these analogs, only E144 emerged as a particularly promising
candidate, demonstrating superior binding affinity and functional activity compared to
BTA-EGs. These findings not only support the existence of a novel binding site on fascin
for BTA compounds but also provide a foundation for the development of therapeutic

agents targeting fascin in neurodegenerative diseases.

5.7 Methods
Expression and purification of WT fascin

The expression and purification of WT fascin was carried out as previously

discussed in Chapter 3 of this dissertation.

Isothermal Titration Calorimetry

Calorimetric measurements were carried out using a Low Volume ITC instrument

as described previously in Chapter 3 of this dissertation.

Computational docking studies

All steps for the docking experiments were carried out using Schrodinger suite
(2019-20), as previously described in Chapter 3 of this dissertation. The images of docked

posed were generated using Chimera®.
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Slow speed actin sedimentation assay

F-actin bundling activity by fascin in the presence of BTA analogs was measured
by a slow-speed centrifugation assay as described previously in Chapter 2 of this

dissertation.

Spine density analysis

Spine density analysis including preparation, maintenance of primary neurons and

analysis was carried out as previously described in Chapter 2 of this dissertation.

Thermal shift assay

Thermal shift assay was performed using a Biorad C1000 Touch Thermal Cycler
CFX96 RTPCR system in a 96-well format as described previously®?. A total of 25uL
reaction mixture was set up containing 2uM fascin in 20 mM HEPES, 150 mM NaCl, 1mM
DTT, at pH 7.4, in the presence of SYPRO orange (1,000-fold dilution from the
commercial stock [Invitrogen]). The indicated compounds, prepared at 10 mM were
added to each well to a final concentration of 1ImM. The reaction was carried out in
replicates of 4 per compound, along with internal controls which contained only free
protein. The PCR plates were covered and subsequently shaken, centrifuged, incubated
for 2 min at 20°C inside the RT-PCR machine, and heated from 20°C to 100°C at a

1°C/min scan rate.
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Part II: Design novel AMPKp1 selective activators for IBD
Chapter 6 : Introduction

6.1 Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is a chronic, relapsing condition of the
gastrointestinal (Gl) tract!?® that encompasses two main types: Crohn's disease!* and
ulcerative colitis'3!. Globally, the prevalence of IBD has been increasing, posing
significant health challenges. IBD is characterized by prolonged inflammation of the Gl
tract, which leads to symptoms such as severe abdominal pain, persistent diarrhea,
fatigue, and weight loss'32. While Crohn's disease can affect any part of the Gl tract, often
in a patchy distribution, ulcerative colitis is typically limited to the colon and rectum 13%.132,

The etiology of IBD is not fully understood; however, it is believed to result from a
complex interplay of genetic predisposition, environmental factors such as diet, smoking,
and antibiotic use, and dysregulation of the immune system?!?®. Genetic studies have
identified several risk factors associated with IBD, indicating a hereditary component,
while environmental factors could trigger or exacerbate the condition in genetically
predisposed individuals?®.

IBD significantly impacts patients' quality of life due to its chronic and often
unpredictable nature. The economic burden of IBD is substantial, involving both direct
healthcare costs and indirect costs related to lost productivity'33. Current therapies for
IBD aim to induce and maintain remission, alleviate symptoms, and improve quality of
life. These include amino salicylates (5-ASA)'34, corticosteroids?®®, immunosuppressants
like azathioprine'®® and methotrexate!®”, and biologics such as infliximab**® and

adalimumab?'2®, which target specific components of the immune response. Despite these
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options, many patients with complications or those who do not respond to medical therapy
opt for surgery. Surgery can be curative for ulcerative colitis (total colectomy) but is not
curative for Crohn's disease, as it can recur elsewhere in the Gl tract 140141, Despite these
therapeutic options, many patients experience incomplete response or adverse effects,
with approximately 40% of patients becoming unresponsive within a year!42143,

highlighting the need for new therapeutic targets and more effective treatments.

6.2 Identification of AMPK as atarget for IBD

Our collaborators in Pradipta Ghosh’s lab at the Department of Cellular and Molecular
Medicine are addressing the challenge of drug discovery for IBD by focusing on drugs
that augment or protect the intestinal barrier using advanced artificial intelligence (Al)
methodologies!44. Disruption of the gut barrier has been implicated in the pathogenesis
of multiple chronic illnesses that are characterized by chronic gastrointestinal
inflammation — this includes IBD, a complex, multi-factorial, autoimmune disorder of the
gut with diverse components?45-150,

The Ghosh lab used an Al-assisted approach which involved comprehensive
unbiased transcriptome analysis of RNA sequencing (RNA-seq) data collected from
human IBD patients and experimental models to uncover key molecular targets implicated
in the pathogenesis of IBD44, They identified genes that were significantly upregulated
or downregulated in IBD compared to healthy controls. They used Al algorithms, including
machine learning models, to analyze these data, prioritizing genes based on their
relevance to disease progression and potential as therapeutic targets44. The resultant

models integrated various layers of biological information, including gene expression,
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interaction networks, and functional annotations. This integrative approach led to the
identification of a previously unknown target PRKAB1, the gene encoding the AMPK[31

subunit, as a crucial regulator of gut barrier function and inflammation in IBD#* (Figure

6.1).
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Figure 6.1: A) Boolean Network Explorer (BoNE) used to analyze two IBD datasets and
form Boolean clusters containing genes having similar expression profiles. B) Schematic
illustrating how Boolean cluster relationships are used to chart disease paths (top); and
individual gene expression changes along a Boolean path, illustrating gene expression
dynamics within the normal to IBD continuum (bottom). C) Reactome pathway analysis
of each cluster to identify the signaling pathways and cellular processes that are enriched
during IBD progression. Figure reproduced from Sahoo et. al*44.

6.3 AMPK — master regulator of cell homeostasis

AMP-activated protein kinase (AMPK) is a key regulator of cellular homeostasis °*. It

is a highly conserved heterotrimeric serine/threonine kinase composed of three subunits:
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a catalytic a subunit and two regulatory subunits, § and y. Each subunit has multiple
isoforms (a1, a2; B1, B2; y1, y2, y3), which allows for a variety of possible combinations,
adding to the complexity and functional specificity of the enzyme 151152,

The N-terminal region of the a subunit contains the kinase domain, which is
responsible for the enzyme's catalytic activity. This domain includes the critical threonine
residue (Thrl72) whose phosphorylation is essential for AMPK activation'®? (Figure 6.2).
The B subunit features a central Glycogen Binding Domain (GBD), which allows AMPK
to associate with glycogen particles, potentially regulating its activity in response to
cellular energy levels'>1152, The y subunit is characterized by four cystathionine beta-
synthase (CBS) domains that create binding sites for AMP, ADP, and ATP, which regulate
AMPK activity by promoting conformational changes'®2. The binding of AMP or ADP to
the y subunit promotes a conformational change that enhances the phosphorylation of
Thr172 on the a subunit by upstream kinases such as LKB1 or CaMKK2 thereby
activating AMPK®? (Figure 6.2). This binding also inhibits the action of protein
phosphatases that would otherwise dephosphorylate and inactivate AMPK 51152,

AMPK activation promotes catabolic pathways that generate ATP, such as fatty acid
oxidation and glycolysis, while inhibiting anabolic processes that consume ATP, like lipid
and protein synthesis (Figure 6.2). During cellular stress, AMPK activation ensures
energy balance and survival by optimizing energy production and reducing energy
expenditure. AMPK is activated by an increase in the AMP/ATP ratio, which occurs during
cellular energy stress, such as hypoxia, exercise, or glucose deprivation®1152 In addition
to promoting Thrl72 phosphorylation, AMP binding also causes a direct allosteric

activation of AMPK, further increasing its activity.
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Figure 6.2: Summary of the physiological roles of AMP-activated protein kinase (AMPK).
Figure reproduced from Kim et al'®2,

6.4AMPK —role and function in stabilization of the gut barrier

AMPK'’s role (or the role of its agonists) in protecting and stabilizing the gut barrier has
been evaluated and well established in several murine models of colitis!®3-158 and
adoptive T-cell transfer model*®°. In the context of IBD, AMPK's functions extend beyond
energy regulation to include critical roles in maintaining gut barrier integrity and
modulating inflammatory responses. AMPK activation inhibits the NF-kB signaling
pathway, which is a key mediator of inflammatory responses!®. This results in reduced
production of pro-inflammatory cytokines (e.g., TNF-q, IL-6, IL-1B). By dampening the
inflammatory cytokine production, AMPK helps in mitigating chronic inflammation

associated with 1BD 161,
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AMPK enhances the assembly and function of tight junction proteins, which are crucial
for maintaining the integrity of the intestinal epithelium. This prevents the leakage of
luminal antigens and bacteria that can trigger immune responses. Improved tight junction
integrity under AMPK activation reduces gut permeability, thereby protecting the gut
barrier and preventing the onset of inflammation?62,

AMPK induces autophagy, a cellular process that degrades and recycles damaged
organelles and proteins. This process is protective in intestinal epithelial cells, reducing
inflammation and maintaining cellular homeostasis. Enhanced autophagy under AMPK
activation helps in preserving the barrier function by removing damaged cells and
promoting epithelial cell survival63.164,

The detailed structural understanding of AMPK, its activation mechanisms, and its role
in cellular energy homeostasis provide a solid foundation for developing novel therapeutic
strategies for conditions like IBD. The identification of PRKAB1 gene as a therapeutic

target underscores the potential of AMPK modulation in IBD treatment.

6.5 Overview of approach and methodology

By targeting AMPK, particularly the B1 subunit, this study aims to harness the
multifaceted roles of AMPK to develop novel therapeutics for IBD that not only address
inflammation but also could possibly restore and maintain gut barrier integrity. Effects of
repairing the gut epithelial barrier through AMPK1 activation have already been tested,
observed, and validated by our collaborators in the Ghosh lab with a known, 31-specific
agonist, PF-0640957744,

The work carried out in this part of the dissertation aims to design and develop novel

molecular candidates with improved potency that could enhance AMPK activity,
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especially through selective activation of the AMPKB1 subunit. The two methodologies
being discussed in this part of the dissertation for developing AMPK[31 selective activators
are:

i) Synthetic route: This route involved the design and synthesis of novel compounds
based on a pharmacophore model specific to AMPKB1. The pharmacophore
model uses existing crystallographic data of known binders of AMPK to assess the
binding pocket of AMPK and design molecules that selectively bind to and activate
the AMPKRB1 subunit, possibly enhancing its beneficial effects on gut barrier
function and inflammation control.

i) In silico route: This route leverages computational methods to identify potential
AMPKB1 selective activators from large libraries of commercially available small
molecule ligands. This approach is efficient and cost-effective, allowing for the
rapid identification of promising candidates or different scaffolds for further

experimental validation.

By combining these methodologies, we seek to develop highly selective AMPK[(31
activators that can effectively treat IBD. The synthetic route would allow for the tailored
design of new molecules, while the in silico screening provides a high-throughput

approach to identify promising candidates from existing compound libraries.
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Chapter 7 : Development and screening of AMPKB1 selective ligand

7.1 Introduction

Several small molecule AMPK ligands have been previously reported!52165166,
One of the activators of the a1p1y1 isoform of AMPK is PF-06409577 (hereafter referred
as PF) with an in vitro ECso in the nanomolar range and weakly active on others isoforms
alB2y1, a2B2y1, and a2B2y3 of AMPK?®’. Availability of a co-crystal structure of AMPKB1
bound to PF%7 and the evidence that PF compound helps in repairing the gut epithelial
barrier through AMPKB1 activation!4* (previously reported in the Ghosh lab), made PF
compound a good candidate to be used as a starting point for the design and synthesis
of potent and selective AMPK-targeting agents for the treatment of IBD. The focus of this
study is to explore new design criteria for increasing the potency and aqueous solubility
of the ligand without losing the selectivity to AMPKB1. Selectivity is crucial to minimize
off-target effects and maximize therapeutic efficacy. In this study, | have employed
computational and experimental techniques to discover and validate potential drug

candidates for AMPKf1 activation.

7.2 Development of a pharmacophore model for AMPK ligands

Understanding the structure of AMPK is crucial for the design of selective
activators and inhibitors. Structural insights can guide the development of small
molecules that can modulate AMPK activity by targeting specific subunits or regulatory
sites. To gain insights into the molecular determinants of AMPK ligands that lead to good
selectivity and binding, I first developed a pharmacophore model. A pharmacophore is a

theoretical representation of the spatial arrangement of features in a molecule that are
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necessary for its biological activity'®. It serves as a template to identify the key features
required for binding and selectivity to the target active site. This model is crucial in drug
discovery as it incorporates information from existing co-crystal structures of the receptor
proteins with various ligands and provide detailed insights into the binding interactions
between the target protein and its activators or inhibitors.

The co-crystal structure AMPKB1 bound to PF compound revealed several non-
covalent contacts between the PF compound and amino acid residues K29, K31, and
D88 within the binding pocket that can be utilized for specific binding to this AMPK isoform
(Figure 7.1). On closer inspection, | also found other untapped residues such as R83,
N48 which could be utilized for novel compounds to increase the binding interaction to

AMPKBL.

B1 subunit

AMPK (PRKAB1) |
PDB: 5KQ5

v1 subunit

PF

Figure 7.1: Analysis of binding site of PF compound in the crystal structure of AMPKB1
PDB: 5KQ5167.
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To develop a pharmacophore model for AMPK, | analyzed other existing X-ray co-
crystal structures of AMPK in complex with known and selective B1/B2 ligands'67.169.178-
180,170-177 | investigated the binding site to identify critical residues and interactions such
as hydrogen bonds, hydrophobic contacts, and electrostatic interactions. Next, for known
AMPK ligands?®%166.181(selected based on their reported activity towards AMPK) whose
co-crystal structures were not available, | carried out molecular docking studies to provide
insights into their binding modes with AMPKB1 isoform. These ligands served as

additional reference for the pharmacophore model.

A B2 selective N-site

(N111)
[ Lewis base => 1

Hydrophobic selectivity (K29)

Long Arm
T
R,
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|O N X
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Cl |

R=COOH or CN R4y =COOH or CN
X=8or0O R, = CONH, or H

Figure 7.2: A) Pharmacophore model for AMPK ligands B) Proposed series of
compounds based on the computationally designed pharmacophore model.
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The resulting pharmacophore model highlighted several essential features: i) a Lewis
base site necessary to interact with residue Lys29 which is proposed to be a crucial
interaction for B1 binding and selectivity; ii) an anchor residue Asp88 which is proposed
to be a crucial residue necessary for binding to both 31/2 isoforms; iii) a 2 selective site
at Asnl11 iv) a hydrophobic long arm and an ether extension side, either of which could
be modulated to obtain different scaffolds and series of molecules of different lengths and
sizes (Figure 7.2A).

Based on the pharmacophore model, in collaboration with another graduate student
in the Yang lab, Joseph Sawires, we proposed two sets of molecules with modifications
on the indole ring and the hydrophobic long arm (Figure 7.2B). We hypothesized that
some of these molecules could have improved binding due to new contacts in the binding

pocket with other untapped residues.

7.3 Design and synthesis of novel compounds targeting AMPKf1

In collaboration with Jospeh Sawires, based on the pharmacophore model, | designed
novel analogs of the PF compound (Figure 7.3A). Molecular docking studies of these
analogs of the compound with AMPKB1 suggested that compounds containing a nitrile
group at R1 instead of a carboxylic acid (hereafter referred as PF-CN) could also make
use of the same amino acid contacts within the binding pocket as seen with the PF
compound (Figures 7.3B and 7.3C). Furthermore, these studies also predict that
putatively unutilized arginine (R83) and asparagine (N48) residues located within the
binding pocket of AMPKB1 could be used to further increase binding of ligands by

derivatization of compounds PF or PF-CN at Rz with small substituents (such as a
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propanediol group, referred hereafter as compound 1) that can form hydrogen bonds with
R83 and N48 (Figure 7.3D). Such substitutions were also expected to also increase
aqueous solubility compared to no substitution at Ra.

Joseph Sawires synthesized compounds PF and PF-CN in the Yang lab but
encountered some difficulties in the synthetic route for compound 1. Since compound 1
is still being synthesized in the Yang lab, | will focus the discussion on compounds PF
(used as a positive control) and PF-CN, as well as compounds not derived from PF

(discussed in the following sections) for the remainder of this dissertation.

A B - R83
N1

D108

13

PF,R,=CO,H,R,=H
PF-CN,R,=CN,R,=H
1,R,=CN, R, = O(CH,),OH

Figure 7.3: Results from molecular docking studies of ligands bound to a1B1y1 isoform
of AMPK. A) Chemical structures of PF, PF-CN and compound 1. B-D) Docked poses of
compounds PF (white), PF-CN (green) and compound 1 bound to AMPK1, respectively.
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7.4 In silico virtual screening of ligands from NCI datasets

In parallel to developing and synthesizing novel compounds in the Yang lab, | used
in silico tools to screen other potential lead compounds for AMPKB1 binding and
activation. The method of high throughput virtual screening (HTVS) leverages
computational methods to screen ligands from large libraries of commercially available
compounds?®2183_ This approach is efficient and cost-effective, allowing for the rapid

identification of promising candidates for further experimental validation.

7.4.1 Dataset Selection

The National Cancer Institute (NCI) maintains extensive diversity datasets of
commercially available ligands'®. These datasets are a valuable resource for drug
discovery, containing information on the chemical structures and biological activities of
thousands of compounds. Compounds in the NCI datasets are filtered based on their
physicochemical properties, such as molecular weight, solubility, and lipophilicity, to
ensure they are suitable for binding to protein targets'®18, | chose this dataset as
screening diversity datasets would help us screen for different functional scaffolds for

possible lead compounds.

7.4.2 Molecular Docking

Around 8000 compounds from the NCI diversity datasets'® were virtually
screened against the crystal structure of AMPKB1 using molecular docking. Molecular

docking simulations predicted how well each compound fit into the binding site and the
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interactions with key residues based on the previously established pharmacophore
model. Ligands were scored, ranked and sorted based on their predicted binding affinity
and interaction quality. The top 40 compounds from the virtual screening were selected
and ordered from the NCI database (Figure 7.4) for further experimental validation in the

Yang lab using biochemical assays, focusing on their potential as AMPKB1 selective

activators.
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Figure 7.4: Chemical structures of the top 20 compounds from the virtual screen
showcasing different functional groups and scaffolds being screened.
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7.5 Biochemical assays
7.5.1 Expression and isolation of AMPK proteins

To study the selective activation of AMPK1, | first recombinantly expressed and
purified different isoforms of AMPK. Plasmids encoding various AMPK isoforms were
obtained from Professor Jon Oakhill from St. Vincent’s Institute of Medical Research.
These plasmids contained the genetic sequences for the a, 8, and y subunits, allowing
for the expression of different combinations of AMPK isoforms. | expressed heterotrimeric
human AMPK a1B1y1 and a.132y1 as a fusion protein with a histidine tag on the N-terminal
in E.coli using a pET DUET expression system as previously described®’. | also
expressed other isoforms of human AMPK a1B1y1 and a22y1 in a similar manner.

Along with the expression of different AMPK isoforms, | also recombinantly
expressed CaMKK2 (calcium/calmodulin dependent protein kinase 2), a known
downstream activator of AMPK!52188_Since the recombinantly expressed AMPK is not
active, | needed to activate (phosphorylation at Thr172) it in solution by incubating with
CaMKK2 in the presence of AMP. | received the CaMKK2 plasmid as a fusion protein
with a GST tag on the N-terminal and a histidine tag on the C-terminal from Professor Jon
Oakhill. CaMKK2 was expressed in E. coli using a pGEX expression system as previously
described?*®,

Purification protocols for both AMPK proteins and CaMKK2 were carried out using
similar protocols. After harvesting the cells, pellets were lysed by sonication to extract the
expressed fusion proteins. The cell lysates were then subjected to centrifugation to
remove debris and obtain clear protein extracts. The target proteins (AMPK isoforms and

CaMKK?2) were purified using a Nickel-NTA affinity column. The purity and integrity of the
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purified proteins were assessed using SDS-PAGE and Western blotting (Figure 7.5). After
purification, AMPK proteins were pooled and activated by CaMKK2 in the presence of
AMP. After activation, the protein mixture was passed through a S200 Superdex gel
filtration column to separate the kinases. These steps ensured that the proteins are

suitable for downstream functional assays (Figure 7.5).

A alBlyl B alp2y] C CaMKK2
Mw Mw MW MW MW
(kDa) (kDa) (kDa) (kDa " (kDa)
”
o s GST- v
— .~ al— || 7 7 camkkz | 0|
50
50 50 50
37
B1, y1—>| M| el 37 37 37
% 2—>] o 25 25 !_
-
[ |
Anti  Anti AMPK-0. (green) Anti AMPK-0L (green)  Anti Anti CaMKK2
AMPK-B Anti AMPK-y (blue) Anti AMPK-y (red) ~ AMPK-B

Figure 7.5: Representative coomassie stained SDS-PAGE gels and western blots for
AMPK and CaMKK2 proteins. A) a1B1y1 B) a1p2y1 C) CaMKK2

7.5.2 Kinase-Glo activity assay

Next, to assess the effects of small molecules screened from the NCI datasets and
the novel compounds synthesized in the Yang lab on AMPKB1 activation, | used a
luminescence-based kinase-Glo activity assay'®°. The in vitro assay monitors the activity
of purified kinases by quantifying ATP. Luminescence signal is inversely proportional to
the amount of kinase activity and directly proportional to the ATP present. The kinase
assay measures the phosphorylation of SAMS peptide (a known AMPK substrate)*®!, by
recombinantly expressed and purified AMPK proteins. The reaction is carried out in the

presence of ATP which is converted to ADP. Once the reaction is quenched, the
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remaining ATP in the reaction mixture is detected as light signal using a

luciferase/luciferin detection system (Figure 7.6).

Kinase

SAMS AMPK
+ coogd®@ . @R
peptide

Substrate ATP ADP
" Detect
> Light
Remaining ATP Luciferase/Luciferin

Figure 7.6: Schematic representation of the kinase-Glo assay.

The assay was performed in the presence of small molecules to assess their
effects on AMPKf1 activity and the kinase’s ability to phosphorylate its target substrate,
indicating its activation status. | used PF compound as a positive control and
Staurosporine (a known inhibitor of AMPK’s activity)!®> as a negative control for this
assay. Of the 40 compounds being tested from the virtual screen, only 11 showed any
positive effects on AMPK activation, with PF and PF-CN having the biggest effect on
increasing the AMPKf1 activity (Figure 7.7). These 11 hits along with PF-CN were taken

further for testing in HelLa cells.
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Figure 7.7: Results from kinase-Glo luminescence assay of small molecules with
AMPKpB1 A) Luminescence signal as a function of ligand concentration is plotted. B)
Chemical structures of the ligands that showed any effect on AMPKf1 activity assay.

7.5.3 HelLa cell-based kinase activity assay

Hits from the in vitro kinase-Glo assay were evaluated for the functional activation
of AMPK in HelLa cells to assess if the effects seen in vitro could be translated into cells.
HelLa cells expressing different AMPK isoforms were treated with increasing
concentration of ligands and AMPK activity was monitored using western blot analysis
using antibodies probing for phosphorylation of the alpha subunit at Thr172.

Cells were passaged and allowed to grow to ~60-70% confluence in a 12 well
plate. The cells were treated with increasing amounts of small molecules and incubated
for 16 hours after which cells were lysed and harvested using RIPA lysis buffer following

the manufacturer’s protocol. The protein lysate concentration was assessed using a BCA
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assay and 10 ug of protein was run on an SDS-PAGE. The gel was transferred to a PVDV
membrane using Bio-Rad turbo blot transfer system. The blot was first probed using a
rabbit p-AMPK Ab specific for detecting phosphorylation of Thrl72 in alpha subunit. This
was followed by stripping and re-probing the blot with a mouse t-AMPK Ab to assess the
total AMPK protein. Finally, the blot was stripped and re-probed again with a chicken

GAPDH Ab to detect the levels of GAPDH which was used as a loading control.
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Figure 7.8: Results from HelLa cell-based kinase activity assay. A) Representative blots
from a Hela cell assay probing for p-AMPK, t-AMPK and loading control GAPDH signals.
B) Graphical representation of the signals from western blots. p-AMPK signals plotted as
a function of ligand concentration. C) EC50 values of different ligands D) Chemical
structures of small molecules that showed AMPK activity in HeLa cells.

Of the 13 molecules being screened (including PF and PF-CN), only 5 compounds
showed positive effects on AMPK activity in HeLa cells in the concentration range being

tested. PF and PF-CN again showed the overall biggest effect on AMPK activation, while
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PF-CN and ligand 46385 seemed to be the fastest acting with the lowest EC50 values in
the concentration range being assessed (Figure 7.8). Since HelLa cells express both 1
and B2 isoforms of AMPK?!93-1% it was difficult to assess selectivity, but overall kinase

activation could be estimated.

7.5.4 ITC Binding studies

The 3 compounds that showed AMPK activity in HeLa cells along with PF and PF-
CN were taken further to assess their binding affinities to AMPKpB1. This assay would
provide direct evidence of binding the underlying thermodynamic parameters. ITC
experiments showed that PF-CN bound significantly better than PF compound (Figure
7.9) to the AMPK}p1 isoform. Although all the other hits - 46385, 5856 and 93033 did bind

to AMPKp1, but their binding affinities was significantly lower as compared to the PF

compound.
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Figure 7.9: A) Results from binding studies of molecules with AMPKf1. B) Graphical
representation of binding affinities of ligands with AMPK1. Statistical analysis was
performed using two tailed Welch’s t-test (*p<0.5, **p<0.1).
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7.5.5 Selectively of compounds binding to AMPK isoforms

To assess the selectivity of compounds PF, PF-CN, 46385, 5856 and 93033
towards either B1 or B2 isoform of AMPK, | performed the kinase-Glo assay described
above with recombinantly expressed and purified AMPKp2 isoform. The concentrations
of the SAMS peptide, AMPK and ATP were held constant in the assay, and only ligand
concentration was varied to assess the effect on kinase activity.

To analyze the kinetic parameters and compare the selectivity between 1 or 32,
| converted the luminescence signals from both experiments into reaction rates. Since the
kinase-Glo reaction is a type of ATP consumption assay, | was able to measure the rate
at which AMPK isoforms utilize ATP during the reaction. | then plotted the reaction rates
against ligand concentration to compare the effects of ligands (Figure 7.10A). PF binds
to AMPKB1 in the interface between the o and B subunits and activates it. Since this
binding is a type of an allosteric activation event!®’, | fit the curve using allosteric sigmoidal
model to obtain various kinetic properties of the reaction (Figure 7.10B). The sigmoidal
model being used here is a more complex model for enzymatic kinetics as compared to
the commonly used Michelis Menten equation, but the sigmoidal model accounts for
cooperativity and allosteric effects and is more suitable for proteins with multiple
subunits®¢197 The allosteric sigmoidal model uses the following equation:

v = Vmax*[S]"/(Khalf" + [S]")
where v is the reaction rate, Vmaxis the maximum enzyme velocity, Khalfis the
concentration of substrate that produces a half-maximal enzyme velocity (it is the EC50),
S is the substrate concentration, his the Hill slope and relates to the cooperativity,

Kprime is related to the Km and is computed as Khalf*h.
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Based on the kinase-Glo assay using both AMPKB1 and 2 isoforms, | found that

Vmax for all the ligands was consistently higher for AMPKp1 (Figure 7.10) suggesting
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Figure 7.10: A) Data from the kinase-Glo luminescence assay converted to reaction rates
and fitted using allosteric sigmoidal model. B) Enzyme kinetics parameters assessed from
the curve fitting model.

higher catalytic efficiency of AMPKB1 compared to AMPKP2 when interacting with
molecules i.e., under saturating substrate conditions AMPKB1 processes the substrate
faster than AMPKp2.

Similarly, | found that Kprime (Km) was higher for all the ligands with AMPK(1
(Figure 7.10) which suggests while AMPKB1 is more efficient at high substrate
concentration, AMPKB2 might have higher affinity for substrates at lower concentrations.
The higher Vmax of AMPKB1 with ligands suggests selective activation of 31 could result
in more effective modulation of metabolic pathways crucial for gut barrier integrity.

Understanding these kinetic differences could guide the design of more potent and
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selective AMPK1 activators, potentially leading to better therapeutic outcomes for IBD
patients.

Next, to investigate a direct relationship between the selectivity of these 5 ligands
to different AMPK isoforms, | carried out ITC binding experiments with recombinantly
expressed and purified AMPKp2 isoform. None of the three molecules 5856, 46385 and
93033 bound to AMPKB2. Both PF and PF-CN seemed to bind to AMPK(B2 with mild
binding affinity. The binding affinity of PF-CN to AMPK(2 seemed to be lower than of PF

to AMPKp2, but it was not found to be statistically significant (Figure 7.11).
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Figure 7.11: A) Results from binding studies of molecules with AMPKpB2. B) Graphical

representation of binding affinities with AMPKf2. Statistical analysis was performed using
two tailed Welch'’s t-test (ns = no significance)

Since none of the hits from the virtual screening showed direct binding to AMPKf2, the
effects seen in the in vitro as well as the HeLa cell assay might have been caused due to
off target interactions.

On comparing the binding affinities between AMPKB1 and B2 | found that both PF
and PF-CN are more selective towards the 1 isoform, with PF-CN being significantly
more selective towards binding to AMPKB1 than the PF compound (Figure 7.12). To

further investigate the rationale behind these different binding affinities, | carried out
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molecular docking studies of PF and PF-CN with both AMPKB1 and AMPKf2 isoforms.
The binding site is located between the interface of alpha and beta subunits. | found that
for PF compound, some key interactions with residues D88 and K29 were missing when
bound to AMPKpB2 compared to B1 binding which could explain the significant reduction
seen in binding affinity of PF to AMPKB2 (Figure 7.12). Similarly, for PF-CN, apart from
missing interactions with residues D88 and K29, another key interaction with residue K31
was also missing when bound to AMPKB2 isoform which was previously seen when
bound to AMPKp1 (Figure 7.12). This could possibly explain the further reduction in

binding affinity of PF-CN towards AMPK(2 and being more selective for AMPK(1.
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Figure 7.12: A) Graphical representation of binding affinities of PF and PF-CN with
AMPKpB1 and AMPKf2 isoforms. B) Docked poses of PF and PF-CN in the binding site
of AMPKp1 (top panel) and AMPKf2 (bottom panel). Statistical analysis was performed
using two tailed Welch’s t-test (**p<0.1, **p<0.01).
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7.6 Conclusion

In this chapter, | developed and proposed novel molecules based on a
pharmacophore model, some of which are expected to selectively bind to AMPKB1 with
better affinity. In parallel to synthesizing novel compounds in the Yang lab, I carried out
virtual screening from the existing pool of commercially available ligands to find new
scaffolds and lead compounds. The top hits from the virtual screen were further screened
in the Yang lab using a luminescence-based assay in vitro and a cell based in vivo assay
to further narrow down the hits to only a handful of compounds. These hits were then
tested for their binding affinities to different AMPK isoforms.

Of all the molecules tested, only PF-CN bound significantly better than the control
molecule PF to AMPKB1. PF-CN was also found to be more selective towards AMPK(1.
The difference in binding could be attributed to missing interactions with key residues in
the binding pocket for the PF-CN and AMPKPB2 complex. Although some other
compounds screened from NCI datasets did bind to AMPKf1, the binding affinities for
these compounds was significantly lower than the control PF compound. Interestingly,
none of the hits from the NCI datasets bound to AMPKf2 isoform.

From this screening assay, only PF-CN was promising enough to be taken further for
additional experiments, to explore the physiological relevance of these findings and the
therapeutic efficacy of the designed molecules. This will be studied in single cell systems
and organoid models in the Ghosh lab.

Even though none of the molecules from the virtual screening made it to the next stage
of drug development, the three molecules from the virtual screen showed p-AMPK activity

in HelLa cells and bound to AMPKf1 in the micromolar ranges. For future studies these
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three molecules, possessing different functional scaffolds compared to the PF compound
could be used as a starting template to design new series of compounds that can target
AMPKJ1 selectively. | was able to also showcase how a drug discovery and development
pipeline could be executed to find potential lead compounds taking into account both the

synthesis and the in silico screening capabilities of the Yang lab.

7.7 Methods
Molecular Docking

All steps for the docking experiments were carried out similar to that mentioned in
Chapter 2 of this thesis using Schrodinger suite 2019-20. The crystallographic structure
of AMPK was retrieved from RCSB Protein Data Bank, PDB ID: 5KQ5¢7. The protein was
prepared using Maestro’'s Protein Preparation Wizard®*. The receptor grids were
generated at the center of mass of the pocket residues where the ligand was bound in
the crystal structure and were made large enough to contain the binding site of the protein
and the surrounding surface regions. Ligands were constructed in Maestro®* and
LigPrep®® was used to prepare the ligands for molecular docking. Each generated ligand
was docked into the binding site using Glide® with extra precision docking and default
parameters to generate 100 poses for the ligand-receptor complex. The poses were
clustered together using a cutoff RMSD value of 2 A. The ligand interaction tool of the
Molecular Operating Environment (MOE) software®’ was used to study the expected
interactions between ligand and protein residues in the binding sites. All the docked pose

images were generated using Chimera 8.
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Expression and purification of AMPK isoforms

AMPK was transformed into E. coli NEB BL21 DES3 strain and transformants were
selected on LB (Luria—Bertani) agar plates containing ampicillin (100ug/mL) and
Kanamycin (50ug/mL). Single colonies were used to inoculate 10mL of LB medium
containing required antibiotics. For large-scale expression and purification, 1 L of LB broth
supplemented with 100ug/ml ampicillin and 50ug/ml Kanamycin was inoculated with 25
ml of overnight culture and grown in a shaking incubator at 37 °C to an OD600 of 0.8.
Protein expression was induced with 100uM (final concentration) IPTG, the temperature
was reduced to 18 °C, and the cells were grown for an additional 18 h. Cells were
harvested and resuspended in 50 mL lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5%
glycerol, 2 mM TCEP, 20 mM imidazole). The cell suspension was sonicated on ice with
10 sec on/off pulse for 10-20 min at 60% intensity. Insoluble material was removed by
centrifugation at 18x000g for 30 min at 4 °C, and the supernatant was loaded onto a 5
mL HisTrap™ HP column (GE Healthcare) and washed with ten column volumes of lysis
buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 5% glycerol, 2 mM TCEP, 20 mM imidazole).
Bound proteins were eluted using a linear gradient (10 column volumes) with elution
buffer (lysis buffer containing 300 mM imidazole). Fractions containing AMPK subunits
were pooled based on SDS-PAGE analysis and dialyzed overnight in dialysis buffer (50
mM Tris, pH 8.0, 150 mM NacCl, 5% glycerol, 2 mM TCEP). For some experiments, the
AMPK a1B1y1 or alPB2yl isoforms were further purified by gel filtration chromatography
with a Superdex-200 Hi Load column (GE Healthcare) in SEC buffer (50 mM Tris, pH 8.0,
150 mM NaCl, 5% glycerol, 2 mM TCEP). The SEC monomeric and soluble aggregate

peaks were pooled separately and dialyzed in dialysis buffer as before.
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Expression and purification of GST-CaMKK2

GST-CaMKK2 was expressed and purified using the same conditions as the AMPK

isoforms mentioned above.

Kinase-Glo assay

Kinase-Glo assay was carried out using a kit from Promega'®. Standard ATP
curves were prepared using manufacturer’s protocol. Different substrate and kinase
concentrations were tested and optimized using recommendations from the
manufacturer. For the kinase reaction, AMPK enzyme (1uM) solution was added first to
a white opaque 96 well plate. Next, SAMS peptide (10uM) was added to the wells followed
by serially diluted small molecules (0-100uM). Finally, ATP (100uM) was added to initiate
the reaction and incubated for 40 minutes at 37°C. The reaction was quenched using Glo
reagent and incubated for 30 minutes. This was followed by incubation with Glo detection
reagent for 30 minutes at RT. The luminescence reading was measured using a plate

reader. The graphs were plotted and analyzed on GraphPad prism.

HelLa cell culture

HelLa cells were maintained in a 37° humidified incubator with 5% CO2 in Modified
Eagle’s Medium (Gibco) supplemented with 10% heat inactivated horse serum (Gibco)

and 5-10% FBS (Gibco).
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Quantitative western blot

Quantitative western blots were accomplished by normalizing total protein
concentration using the Pierce BCA assay and following the manufacturer’s protocol.
Identical quantities of total protein were loaded onto a 4-20% SDS-PAGE gel (BioRad)
and run for 40 minutes at 160V. The protein was then transferred to an activated low
fluorescence PVDF membrane (BioRad) using the TransBlot Turbo system (BioRad).
Blots were incubated for 1h at RT in 5% BSA in TBST, followed by overnight incubation
with primary antibody (1:1000 dilution) in 5% BSA at 4°C. The blot was then washed
three times for 5 minutes each in TBST at RT. Secondary antibody (1:5000) was added
in 5% BSA in TBST and allowed to incubate at RT for 1h. The membrane was then
washed three times for 5 minutes each in TBST at RT, rinsed in MilliQ water three times.
HRP reagent was added and incubated for 30 seconds and then imaged using the
Amersham imager. The blots were incubated with stripping buffer for 30 mins and blocked
again for 1 h at RT followed by incubation steps for primary and secondary antibodies as

described above.

Isothermal Titration Calorimetry

Calorimetric measurements were carried out using a Low Volume ITC instrument
(TA Instruments) as described in Chapter 2 of this thesis. All measurements were carried
out at 25°C. The protein was dialyzed in 50mM HEPES buffer (pH 7.5), 150mM NacCl to
a concentration of 10-100pM. The ligand solution contained 100uM-1mM of the small
molecule dissolved in the same buffer as the protein. Data was analyzed using the

NanoAnalyze software (TA Instruments) for fitting points to the independent binding
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model. Experimental heats of the protein-small molecule titration were corrected for heats

of dilution of the ligands into buffer alone.
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